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STUDY ON STRUT AND NODE BEHAVIOR IN STRUT-AND-TIE MODELING 
by 
Nazanin Rezaei 
Florida International University, 2018 
Miami, Florida 
Professor David Garber, Major Professor 
The strut-and-tie method (STM) is a simple and conservative method for designing 
concrete structures, especially deep beams. This method expresses complicated stress 
patterns as a simple truss or kinematic model made up of compression elements (struts), 
tension elements (ties), and the joints between elements (nodes). STM is based on lower-
bound plasticity theorem, so using it properly will lead to a conservative design. Although 
the concepts of STM have been around in concrete design since the late 19th century, STM 
was first introduced in AASHTO LRFD in 1994 and ACI 318-02 in 2002. ACI 318 defines 
two different types of struts (prismatic and bottle-shaped) based on whether compression 
stress can spread transversely along the length of the strut. Recent work has brought into 
question whether these two types of struts do exist and whether current design provisions 
conservatively estimate failure loads for all members. 
The performance of struts and nodes were investigated experimentally by testing six full-
scale concrete deep beams. The specimens had two different shapes (rectangular and truss-
like), two different shear span-to-depth ratio (1 and 1.6), and three different types of 
development (externally unbonded bars, internally bonded hooked bars, and internally 
bonded bars with welded external plates). All the specimens were supported vertically and 
ABSTRACT OF THE DISSERTATION
vii 
 
tested under a three-point load setup. Based on the results, the truss-like specimen failed at 
higher loads than rectangular specimens with the same shear span-to-depth ratio. 
According to these results and recent debate in the literature, bottle-shaped struts are not 
weaker than prismatic struts because of their shape. They are weaker due to shear failure 
where struts cross a diagonal tension field. Therefore, the structures should be separately 
checked for shear strength when they are designed with STM. In this dissertation, the 
development of the design equation for shear strength of discontinuity regions was 
introduced, and the procedure is under consideration for adoption in ACI 318-19. 
This research was expanded numerically by studying the effect of development type and 
length, strut type, and strut angle on the behavior of concrete deep beams. The crack 
patterns and load-displacement curves, which were obtained from experimental tests, were 
used to validate numerical models. The strength of concrete deep beams was assessed by 
modeling thirty-five specimens in a nonlinear finite element software. According to the 
results, development length and development types influenced the presence of tensile stress 
in the support nodes. Additionally, the effect of the tensile stresses from reinforcement 
development and diagonal tension were not additive in rectangular specimens.    
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Chapter 1: Introduction 
1.1 Overview 
Axial and bending stresses will cause a stress distribution across the section depth of 
concrete members. The Bernoulli hypothesis that plane sections remain plane is usually 
assumed for these sections, which assumes that strains vary linearly across the depth of the 
section. Regions where strains actually vary linearly across the depth (i.e. where the 
Bernoulli hypothesis is accurate) are considered as Bernoulli or beam regions (also called 
B-regions), which can be designed using typical sectional design approaches (e.g. 
rectangular stress block approach for determining nominal moment strength).  
Strains do not always vary linearly across the depth of a section. Disturbed or discontinuity 
regions (D-regions) are regions where stresses vary nonlinearly across the depth. D-regions 
are typically found within a distance d (distance from the compression face to centroid of 
the tension steel) of concentrated point loads, supports, or geometric discontinuity. Some 
examples of members with D-regions are transfer girders, pile supported foundations, and 
bridge bents.  
Typical sectional design approaches are not valid in D-regions. Empirically derived design 
expressions were traditionally used in these regions before the introduction of the strut-
and-tie method (STM) into design codes and specifications toward the end of the 20th 
century (1994 for AASHTO LRFD [1] and 2002 in ACI 318-02 [2]). STM involves 
modeling the stress flow through a structure using a hypothetical truss or kinematic model. 
Compression members in the truss are called struts, tension members are ties, and the joints 
are nodes. When designing using STM, sufficient reinforcement must be provided to resist 
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the forces of the tension ties and struts must have sufficient strength to carry the 
compression forces.  
ACI 318-14 [3] defines two types of struts, prismatic and bottle-shaped, based on the 
geometry and the location of the struts in the structure. Bottle-shaped struts are struts where 
stresses can spread transversely along their length, i.e. they have a larger width and area at 
the mid-length of the strut than at its ends. As mentioned by many researchers ([4]–[6]), 
the lateral spreading in theses struts creates tensile stresses transverse to the strut, which 
must be resisted by minimum strut reinforcement. Prismatic struts have a uniform section 
along their length, either because of geometric discontinuities or from bordering tension 
regions (e.g. region below the rectangular stress block in bending).  
The current design philosophy [3] suggests that bottle-shaped struts are weaker than 
prismatic struts. There has been recent research that has suggested otherwise [7]–[9]. A 
thorough review of the literature indicated that few studies have focused on the effect of 
struts on the strength and behavior of deep beams. 
1.2 Project Objective 
The primary objective of this research was to further investigate the behavior of struts in 
concrete deep beams. The experimental and numerical studies were designed to investigate 
the effect of the strut type (prismatic versus bottle-shaped), strut angle (30o, 45o, 60o), and 
presence of bonded tensile reinforcement on the strength and behavior of struts in concrete 
deep beams. The conservatism and accuracy of the current ACI 318 STM provisions were 
assessed and recommendations for the improved estimation of strut strength were made.  
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1.3 Project Scope 
The above objectives were achieved through the following primary tasks: 
• Literature Review:  Conduct a literature review to indicate the current state of 
knowledge on strut behavior and design in concrete deep beams. 
• Test Setup Design:  Design, fabrication, and installation of three-point loading 
setup with 800-kip capacity to test constructed deep beams. 
• Experimental Testing:  Full-scale experimental testing of concrete deep beams 
with different geometries (rectangular and truss-like), strut angle (30o and 45o), and 
presence of bonded and unbonded reinforcement. 
• Numerical Study:  Numerical investigation of concrete deep beams using non-
linear finite element software specifically calibrated for concrete structures with the 
purpose of further investigating the behavior of struts. Additionally strut angles 
(60o) and reinforcement development types and lengths were investigated to further 
understand the effect of resulting tension fields on strut behavior. 
• Design Recommendations:  Make a recommendation for ACI 318 and AASHTO 
provisions based on findings. 
1.4 Thesis Organization 
This dissertation is written based on the format of ‘Thesis Containing Journal Papers’. The 
dissertation includes three manuscripts for scholarly journals and magazine, of which all 
are under review. Additional chapters are provided to complete the dissertation and 
summarize work not adequately captured in the three journal papers. The organization is 
as follows: 
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• Chapter 2 – Background of STM:  This chapter introduces STM and a summary 
of the relevant literature and previous research results.  
• Chapter 3 – Loading Test Setup:  This chapter contains an overview of the design 
of the 800-kip test setup that was designed for this research. 
• Chapter 4 – “Strut Strength and Failure in Full-Scale Concrete Deep Beams” 
(submitted to ACI Structural Journal) [10]:  This paper discusses results from full-
scale testing conducted at FIU. It includes the experimental results of five full-scale 
concrete deep beams:  three rectangular and two truss-like specimens with the shear 
span-to-effective depth ratio (a/d) of 1 (45 degree) and 1.6 (30 degree). 
• Chapter 5 – “Effect of Development and Beam Geometry on Behavior of 
Concrete Deep Beams” (submitted to ACI Structural Journal ) [11]:  The second 
paper is an extension of the first paper, including additional experimental results 
for one additional experimental specimens, the validation of numerical models, and 
results for numerical modeling of an additional 35 specimens. The specimens were 
modeled to investigate the effect of development length, development type, strut 
type, and strut angle on the behavior of nodal zones in discontinuity regions. 
• Chapter 6 – “Shear in Discontinuity Regions” (submitted to Concrete 
International) [12]:  The final paper is the answer of why STM can be 
unconservative for so-called bottle-shaped struts, despite already low strut 
efficiency factors. This paper includes suggestions to use interior strut instead of 
bottle-shaped strut, and edge struts instead of prismatic struts. Interior struts are 
weaker than edge struts because interior struts cross a diagonal tension field and the 
sections fails in shear. The developed design equations for shear strength of 
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discontinuity are proposed based on shear span, section depth, and lightweight 
concrete and is under consideration for inclusion in ACI 318-19. 
A conclusions section is then provided to summarize conclusions from all the three papers 
and propose recommended future work.  
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Chapter 2: Background of Strut-and-Tie Method 
2.1 Overview 
This chapter includes an overview of the theoretical background of the strut-and-tie method 
(STM). The current state of knowledge of the behavior of struts, ties, and nodes is 
summarized with an expanded discussion on struts, since this is the focus of this 
dissertation. A summary of two of STM provisions primarily used in the US (ACI 318-14 
and AASHTO LRFD Bridge Design Specification) is also provided. 
2.2 Discontinuity Regions of Deep Beams 
As previously introduced, applied loads and moments will cause stresses in members. 
These stresses vary across the section depth. According to the Bernoulli hypothesis and 
traditional beam theory, the strain distribution is assumed to vary linearly across the depth 
of the section (i.e. plane sections remain plane). Assuming a linear strain profile across the 
depth of a section allows for the derivation of traditional sectional behavior and design 
expressions. Regions where plane sections remain plane are called Bernoulli or beam 
regions (B-regions) and can be designed using traditional sectional design approaches. An 
example of a beam designed using conventional sectional design approaches is shown in 
Figure 2-1. As mentioned, a linear strain distribution is assumed across the cross-section 
depth, as shown in Figure 2-1 (c). 
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Figure 2-1:  (a) Simply-supported beam with uniform loading, (b) typical cross-section of 
reinforced concrete beam, and (c) linear strain distribution across depth of cross-section 
 
Strains do not always vary linearly across the depth of a section. Disturbed or discontinuity 
regions (D-regions) are regions where stresses vary nonlinearly across the depth. D-regions 
are typically found within a distance d (distance from the compression face to centroid of 
the tension steel) of concentrated point loads, supports, or geometric discontinuity. Some 
examples of members with D-regions are shown in Figure 2-2 and include:  hammerhead 
pier caps, bent caps, ledged members like corbels and inverted-tee beams, coupling beams 
between shear walls, and pile caps.  
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Figure 2-2:  Examples of deep beam members:  (a) hammerhead cap, (b) bent cap, (c) ledged 
members like corbels and inverted-tee beams, (d) coupling beams, and (e) pile caps 
 
The principle compression and tension strain diagram for a simply-supported beam with a 
point load placed toward one support is shown in Figure 2-3. Saint-Venant’s principle 
allows for the strain diagram to be simplified as linear further from the load points, allowing 
for sectional approaches to be valid [13]. Strains do vary non-linearly across the section 
depth within a distance d from the load and support points, so these regions are considered 
D-regions. The shear span (a) is also highlighted in this figure.  
The shear span is the distance from the point load to the support point. Another means for 
determining whether a region is a D-region is by looking at the shear span-to-depth (a/d) 
ratio. Shear span-to-depth ratios less than 2 to 2.5 signify regions are D-regions; a limit of 
2.0 is used in ACI 318-14 [3]. 
9 
 
 
Figure 2-3: Stress trajectories in B- and D-regions ( adapted from Birrcher et al. 2009) 
 
Since these regions do not satisfy the Bernoulli hypothesis (i.e. plane sections do not 
remain plane), sectional analysis and design procedures are not valid in D-regions. 
Therefore, designers use empirically derived design methods or STM. The empirically 
derived methods are typically specific to certain member types for specific applications 
(e.g. ledges in inverted-tee members). On the other hand, STM is a reasonable and versatile 
method to safely design all deep beams (and non-deep beams if desired). 
2.3 Theoretical Background of Strut-and-Tie Modeling 
As mentioned in the previous section, strains are distributed nonlinearly within D-regions. 
The principle tensile and compression strain trajectories in a simply-supported beam with 
a single point load are shown in Figure 2-4. STM allows for this complex state of stresses 
in the specimen to be simplified with a collection of uniaxial force elements in a truss or 
kinematic model, as shown in Figure 2-5. This model includes compression members 
(struts), tension elements (ties), and the intersection of struts and ties (nodes). STM is a 
lower-bound plasticity theorem, so as long as equilibrium is satisfied (i.e. forces in these 
elements are in equilibrium with the external forces) and the distribution of forces are 

  2
D- RegionB- RegionD- Region 
Principle tensile strain trajectory
Principle compression strain trajectory
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compatible with the concrete deformation capacity, using STM will lead to a conservative 
design [14].  
 
Figure 2-4: Stress trajectories within D-region in simply supported concrete deep beam 
 
To design a member using this method, one must ensure several things: 
• Sufficient Tie Reinforcement:  Sufficient reinforcement must be placed at the 
location of the tension ties to resist the tension force in the tie. 
• Adequate Concrete Strength in Struts and Nodes:  Enough concrete strength and 
member area must be provided in the struts, strut-to-node interfaces, and other node 
faces to resist the strut and node forces. 
• Proper Detailing:  Tie reinforcement must be properly anchored to develop the 
required tie force and other reinforcement must be provided so that the member has 
D- Region
Principle tensile strain trajectory
Principle compression strain trajectory
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the deformation capacity to properly distribute the forces. Improper detailing can 
lead to lower capacities than desired [15]. 
There are many resources available to help engineers to design structures in discontinuity 
regions using STM [16], [17]. 
  
Figure 2-5: Strut-and-tie model: simply supported deep beam supporting a concentrated load 
 
2.3.1 Struts 
The compression elements in a strut-and-tie model are called struts and are typically 
represented by a blue dotted line, as shown in Figure 2-5. Current ACI 318-14 [3] STM 
provisions assume that there are two different types of struts based on geometry and tensile 
stresses:  bottle-shaped struts and prismatic struts, shown in Figure 2-6. Bottle-shaped 
struts have minimum cross-sectional area at the ends of the strut and maximum cross-
sectional area in the mid-length. The spreading of compression stress in bottle-shaped struts 
is thought to develop transverse tensile stress, as shown in Figure 2-7 (a). This transverse 

 
Node
Tie
Strut
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tensile stress is resisted by the minimum strut reinforcement, according to ACI 318-14 [3]. 
 
Figure 2-6: Strut-and-tie model with truss elements: prismatic and bottle-shaped struts 
 
Struts located in regions where stresses are not able to spread (i.e. having a uniform section 
along the length of the strut) are currently called prismatic struts. The prismatic strut shown 
in Figure 2-6 is formed by the bordering tensile stress region caused by bending. A 
prismatic strut has only unilateral compression stresses, as shown in Figure 2-7, and no 
transverse tensile stresses. Because there are no transverse tensile stresses, prismatic struts 
are thought to be stronger than bottle-shaped struts. 
P P
Nodal Zone
Nodal Zone
Bottle-Shaped 
Strut
Prismatic Strut
Tie
PP
Idealized 
Prismatic 
Strut
13 
 
 
Figure 2-7:  Assumed stress flow in (a) bottle-shaped and (b) prismatic struts according to ACI 
318-14 
 
2.3.2 Ties 
The tension elements in a strut-and-tie model are called ties and are typically represented 
by a solid black line, as shown in Figure 2-5. Reinforcement must be provided to resist the 
tensile force of a tie element, as shown in Figure 2-6 and Figure 2-8. The tie element is 
located at the centroid of the reinforcement. Tie reinforcement must be fully developed by 
the time the reinforcement leaves the extended nodal zone.  
Transverse 
Tension
P
P PP
Unilateral
Compression
(a) (b)
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Figure 2-8:  Tie reinforcement provided at the location of tension ties 
 
2.3.3 Nodal Zones 
The intersection of struts and ties are called nodes, as shown in Figure 2-5. Like struts, 
nodes will have a three-dimensional shape dependent on the intersecting element 
dimensions. This region formed by the intersecting elements is called a nodal zone. These 
zones are critical to the behavior of the whole system, because they are typically the most 
highly stressed regions member. Nodal zones are generally named based on the type of the 
elements (compression or tension) connected in nodes, where “C” represents intersecting 
compression elements and “T” represents tension elements. Nodes with only struts 
intersecting are CCC nodes. Nodes having a tie only in one direction are CCT nodes. If the 
node has ties intersect in two different directions, it is a CTT node. Since the type of the 
node governs the behavior and strength of the specimen, the type of the node is determined 
in the design process. The types of nodes for the abovementioned beam are highlighted in 
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Figure 2-9.  
 
Figure 2-9: Type of the nodes in simple supported deep beam 
 
Nodes can also be defined based on the presence of shear stresses in the nodal zone. A 
hydrostatic node is a node with equal stresses on all faces of the node, as shown in Figure 
2-10 (b). These types of nodes are thought to have no shear stresses developing in the nodal 
zone, since principal stresses are equal on all side faces. In hydrostatic nodes, the ratio of 
the area of the side face is proportional to the applied load. Nodes with different stresses 
on different faces of the node are called non-hydrostatic nodes, as shown in Figure 2-10 
(a) and (c). Shear stresses occur in the nodal zone of these nodes. Proportioning techniques 
and a further discussion on the use of hydrostatic and non-hydrostatic nodes are found in 
Birrcher et al. [4].  
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Figure 2-10: Non-hydrostatic nodes versus hydrostatic node 
 
2.4 Strut Behavior 
Struts are the compressive elements in strut-and-tie modeling. As mentioned above, ACI 
318-14 [3] currently divides struts in two types (prismatic and bottle-shaped) based on the 
ability for stress to spread perpendicular to the strut axis. Previous research related to the 
behavior of struts and the validity of this assumption is summarized in this section.   
(a)
(b)
(c)
non-hydrostatic node
hydrostatic node
non-hydrostatic node
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2.4.1 Vertically-Oriented Struts 
One way of investigating the behavior of struts is to test vertically-oriented panels of 
different dimensions in unilateral compression. Brown et al. [5] investigated the 
performance of “bottle-shaped” struts by testing 26 vertical concrete panels with different 
variables including: web reinforcement size, location and angle; specimen dimensions; 
bearing area dimensions; and concrete compressive strength. One of the specimens in the 
loading setup is shown in Figure 2-11. 
 
Figure 2-11: Testing of isolated strut specimen and the variables [5] 
 
The same failure mode was observed in all the specimens:  crushing of the strut-to-node 
interface. There were no significant differences between the failure mode or failure load of 
the most heavily reinforced and unreinforced specimens. Results were compared with 
estimates from ACI 318-05 [18] and AASHTO LRFD [19] to evaluate the efficiency factor 
for node and strut strength and reinforcement requirements. Estimates were found to be 
conservative and erratic using ACI 318-05 [18] and more consistent but less conservative 
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using AASHTO LRFD [19].  Brown and Bayrak [20] later concluded that adequate 
reinforcement must be located within the struts because of the transverse tension that 
develops in bottle-shaped struts.   
Sahoo et al. [21] also investigated vertically-oriented panels through an analytical study. 
They also presented that the bottle-shaped struts formed when the load was applied to the 
small area compared to the dimension of the whole specimen. Their research investigated 
the effect of aspect ratio on the behavior of bottle-shaped struts. One of their specimens 
with an aspect ratio of 2.0 is shown in Figure 2-12.  
 
Figure 2-12: Bottle-shaped strut in concrete panels [21] 
 
Ghanei and Aghayari [22] also tested vertically-oriented concrete panels with different 
dimensions and reinforcement; the failure of three of these panels is shown in Figure 2-13. 
Bearing Plate
Isostatic lines 
of compression
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Unreinforced specimens, shown in Figure 2-13 (a), typically failed when an initially 
formed crack in the middle led to the specimen splitting in half. Specimens with typical 
amounts of shear reinforcement, shown in Figure 2-13 (b), had both an initial crack down 
the center of the specimen and secondary cracks developing toward the edges. Failure of 
these occurred when concrete crushed at the support or load points. Heavily reinforced 
specimens, shown in Figure 2-13 (c), had minimal cracking during loading and failed due 
to crushing of concrete at the support or load points.  
 
Figure 2-13: Different failure in bottle-shaped struts: (a) non-reinforced specimens, (b) typical 
failure, and (c) failure in nodal zone [22] 
 
The authors of these studies all concluded that the stress can spread outward in bottle-
shaped struts, which will create transverse tensile stress. Because concrete is weaker in 
tension than compression, the bottle-shaped struts are weaker than prismatic one. This idea 
was suggested in several other studies [23]–[25].  
Several additional research efforts were conducted on vertically-oriented struts with 
varying widths and exactly the same support and loading conditions [7]–[9], [26]. A 
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summary of the specimen geometry for all of these research efforts is provided in Figure 
2-14. Note that all specimens were rectangular except those tested by Adebar and Zhou 
[26], which were circular. Also, the specimen depth was equal to the bearing width (b) in 
all tests. 
 
Figure 2-14: Specimens tested in (a) Sahoo et al. [7] (b) Pujol et al. [8] (c) Laughery and Pujol [9] 
(d) Adebar and Zhou [26] 
 
Sahoo et al. [7] tested seven unreinforced vertically-oriented struts with varying widths, as 
shown in Figure 2-14 (a) and found all specimen widths to have about the same strength. 
Generally, specimens started to crack in the middle of the specimens and then the crack 
propagated towards the top and bottom plates.  
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Pujol et al. [8] tested 42 unreinforced specimens categorized in three series with 
dimensions shown in Figure 2-14 (b). Series 1 specimens included rectangular specimens 
with two widths (b and 2b) and irregular hexagonal-shaped specimens with one width at 
mid-height (2b), all specimens had similar strength. Series 2 specimens were all rectangular 
with widths varying from b to 4b. There was not a significant difference in strength between 
the specimens with widths of b and 2b, but there was a slight drop in strength for specimens 
with widths of 3b and 4b. Series 3 was like Series 2 except with a higher water-to-cement 
ratio. There was no difference in strength between any of the specimen widths (b to 4b) in 
this series.  
Laughery and Pujol [9] conducted similar testing on 32 additional unreinforced strut 
specimens, shown in Figure 2-14 (c). They combined their results with results from several 
previous studies [5], [7], [8], [26], [27], as shown in Figure 2-15. This graph includes 
results for struts with equal section and bearing depths (called “2-D Dispersion” in Figure 
2-15) and struts with section depths greater than the bearing depth (called “3-D Dispersion” 
in Figure 2-15). Stresses in sections with 2-D dispersion can only spread in one direction 
transverse to the strut axis. Stresses in sections with 3-D dispersion can spread in two 
directions transverse to strut axis. There is little difference in strut efficiency for specimens 
with 2-D dispersion with various aspect ratios. There is a significant difference in strength 
between specimens with 3-D dispersion and varying aspect ratios, shown in the results of 
Adebar and Zhou [26]. 
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Figure 2-15: Mean experimental efficiency factors across various studies for selected W/B [9] 
 
2.4.2 Inclined Struts 
While vertically-oriented idealized struts may be the simplest to test, they do not accurately 
represent the behavior of inclined struts.  Sahoo et al. [7] understood the need for testing 
inclined struts and expanded their vertical-oriented strut testing to include two unreinforced 
deep beam specimens. The width, height, and depth of the specimens were 39.37 inches 
(1000 mm), 17.71 inches (450 mm), and 3.94 inches (10 mm), respectively. The details of 
these specimens are shown in Figure 2-16.  
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Figure 2-16: the detail of tested deep beams in Sahoo et al. [7] 
 
The compressive strength of concrete, failure load, and the calculated efficiency factor for 
Sahoo et al. [7] tests are presented in Table 2-1. Sahoo et al. [7] found strut efficiency 
factors similar to those found through their vertically-oriented strut tests. 
Table 2-1: test results of deep beams in Sahoo et al. [7] 
 
Specimen ID 
Cylinder Compressive 
strength, ksi (MPa) 
Peak Load, kips 
(kN) 
Experimental Strut 
Efficiency Factor 
BN-0-0 36.6 (5.74) 429.2 (96.5) 1.07 
BN-0-0 (R) 45.2 (6.55) 464.3 (104.4) 1.01 
  
Van den Hoogen [28] was the first to look into the behavior of deep beams where stresses 
were not able to spread in the strut between load and support. Van den Hoogen [28] 
(450 mm)
Reinforcement cage
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referenced unpublished experimental results by Beeby [29] that compared the capacity of 
a beam with a cut-out of the concrete with a solid beam with no cut-out and the same 
dimensions, shown in Figure 2-17.  
 
Figure 2-17: Beam and truss model tested by Beeby [29] 
 
Beeby [29] found the beam with a cut-out to be 1.5 times stronger than the beam (i.e. less 
material resulted in a stronger structure). Van den Hoogen [28] created numerical models 
verified by the experimental results developed by Beeby [29]. From the analysis results, 
Van den Hoogen [28] concluded that the tension stresses developed by the bending of the 
beam without a cut-out decreased the shear strength of the beam. This diagonal tension (the 
tension caused by bending) disrupted the compression strut forming from the load to the 
support. They also determined that the gap height (hg) did not have a noticeable effect on 
the failure load or the failure mechanism. Note that the testing by Beeby [29] was done on 
beams in the transition between deep beam (a/d ≤ 2.0) and sectional shear behavior (a/d ≥ 
2.5), so these observations should be confirmed for deep beams. 
2.4.3 Angle of Strut Inclination 
The behavior of struts is also impacted by the angle of strut inclination. ACI 318-14 [3]  
restricts that strut angles be between 25 and 65 degrees in a strut-and-tie model, which is 
(a) (b)
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based on several researches [30]–[32]. This limitation is based on the idea that the struts 
loss their capacity when their axis approaches a ties axis [33]. Sahoo et al. [34] conducted 
an analytical investigation investigating strut angle and its effect on strut behavior, which 
can be measured by a strut efficiency factor (βs). Results from Sahoo et al. [34] are 
summarized in Figure 2-18. The researchers concluded that current ACI 318-14 [3] strut 
efficiency factors can be unconservative for struts with angles less than 54 degrees. 
 
Figure 2-18: Comparison of the code provisions with the proposed efficiency factor models for 
normal-weight concrete of 5.8 ksi (40MPa) [34] 
 
Contrary results were found by Su and Looi [35]. Su and Looi [35] experimentally tested 
nine asymmetrical specimens with varying strut angles (i.e. varying a/d ratios). They 
concluded from their results that a constant strut efficiency factor should be used. 
2.5 Tie Behavior 
Tension elements in a strut-and-tie model (ties) must be designed with reinforcement to 
hold tensile forces in the ties. Reinforcement is provided based on the location of ties in 
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the model, and the location of ties in the model are located at the centroid of the tie 
reinforcement, as shown in Figure 2-19. This interdependence can make designing tie 
reinforcement an iterative process if the location of ties needs to be changed as 
reinforcement is detailed. 
The sufficiency of the tie strength is not only dependent on enough reinforcing area being 
provided, but also requires that the reinforcement is properly developed by the time it 
leaves the extended nodal zone. The critical section for development of the tie is 
highlighted in Figure 2-19.  
 
Figure 2-19: Development length of a tie [4] 
 
Different types of development such as straight bars, hooked bars, headed bars, or bars 
welded to the external plates can be used to properly develop tie reinforcement. The 
development length formulas for different types of development from ACI 318-14 [3] are 
shown in Equation 2-1 to Equation 2-3. Reinforcement welded to steel plates is assumed 
to develop fully at the location of the steel plate. The specified required development length 
found using the below equations must be less than the total available development length 
Diagonal Strut
Extended Nodal 
Zone
Nodal Zone
Available Development Length
Critical Section for 
Development of Tie
Tie coincides 
with centroid of 
reinforcement
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found from reinforcement detailing, bearing dimensions, and strut geometry, shown in 
Figure 2-19. 
Straight Bars (Detailed Method):    340  ! "#"$"%&'( + *#+( ,-( 
Equation 2-1 
ACI 318-14 
(25.4.2.3) 
Hooked Bars: 

 max	{3"$" "+50 ! 5 ( , 8( , 689. } 
Equation 2-2 
ACI 318-14 
(25.4.3.1) 
Headed Bars ( !  6000	;<8): 

 max	{30.016"$ ! 5( , 8( , 689. } 
Equation 2-3 
ACI 318-14 
(25.4.4.2) 
 
Where: 
*#+ = 	min 	A2.5, 40B#+C9 D 
transverse reinforcement index, in. 
B#+ = total cross-sectional area of all transverse reinforcement within spacing s that crosses the potential plane of splitting through the reinforcement 
being developed, in.2 
C = center-to-center spacing of items, such as longitudinal reinforcement, 
transverse reinforcement,tendons, or anchors, in. 
9 = number of items, such as, bars, wires, monostrand 
anchorage devices, anchors, or shearhead arms  = specified yield strength for nonprestressed reinforcement,psi  ! = specified compressive strength of concrete, psi ( = nominal diameter of bar, wire, or prestressing strand, in. 
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'( = lesser of: (a) the distance from center of a bar or wire to nearest concrete surface, and (b) one-half the center-to-center spacing of bars or wires 
being developed, in. 
 = modification factor to reflect the reduced mechanical properties of lightweight concrete relative to normalweight concrete of the same 
compressive strength "  = factor used to modify development length based on cover 
"$ = factor used to modify development length based on reinforcement 
coating 
"+ = factor used to modify development length based on confining 
reinforcement "% = factor used to modify development length based on reinforcement size "# = factor used to modify development length for casting location in tension 
 
2.6 Node Behavior 
As previously introduced, there are three different types of nodes (CCC, CCT, and CTT) 
dependent on the types of elements framing into the node (compression or tension). The 
nodal zone under the load in Figure 2-8 is a CCC node and is further broken down in Figure 
2-20. In this picture, the load is applied in the center of the load node, and both the left side 
and the right side are symmetrical. The total load applied (P) is equal to the sum of the 
force applied on each of the nodal zones (Cb1 and Cb2). Additionally, the force on the back 
face of each of the nodes is equal (Ck1 equals Ck2) to satisfy equilibrium of the node. If the 
load is not located at the center of a member, the bearing face of each of the nodes (1 and 
2) will be proportional to the amount of force going in each direction. The back-face forces 
will always be equal, although the magnitude will change. 
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Figure 2-20: Geometry of CCC node 
 
The dimensions of the bearing face (lb1), back face (hk), and strut-to-node interface (ws) 
must be determined to find the strength of the node; these dimensions are shown in Figure 
2-21. The bearing face length is dependent on the total bearing length (lb) and proportional 
to the amount of force entering the node (Cb1) compared to the total applied load (P). For 
this example, half the total load is applied to Node 1 (Cb1 = 0.5P), so the bearing length is 
half of the total bearing length (lb1 = 0.5lb). The height of the back face (hk) can be found 
by finding the depth of the rectangular stress block from a typical nominal flexural moment 
analysis, as shown in Equation 2-4. The strut-to-node interface length (ws) depends on the 
height of the back face, length of the bearing, and the angle of the incoming strut (θ), as 
shown in Equation 2-5.  
ℎF  B% − B%!!0.85		H !  Equation 2-4 
Cb1
  I + I
Cb2
Cs2
Ck2Ck1Cs1
Ck1 = Ck2
Strut-to-Node 
Interface
Bearing Face
Back Face Back Face
Strut-to-Node 
Interface
Bearing Face
1 2
1 2
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% 	 (	<89J +	ℎF	'K<J Equation 2-5 
 
Where:  
B% = area of longitudinal tension steel (in2)  = yield strength longitudinal tension steel (psi) 
B%!  = area of longitudinal compression steel (in2) ! = yield strength longitudinal compression steel (psi) 
	H = web width (in.)  ! = specified compressive strength of concrete (psi) J = angle of incoming strut  
 
  
Figure 2-21: Details of CCC node (Node 1 from above) 
 
Typical dimensions for a CCT node with relevant details are shown in Figure 2-22 with 
the length of the bearing plate ((), the height of the back face (
#), and the length of the 
strut-to-node interface (
%) highlighted. The height of the back face (
#) is calculated as 
(
ℎF
% J( sin J
ℎF cosJ
1
Strut-to-Node 
Interface
Bearing Face
Back Face
(  (+ (Note:
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twice the distance from the bottom of the beam to the centroid of the ties.  The length of 
the strut-to-node surface in CCT node is calculated in Equation 2-6. 

% 	 (	<89J +	
#	'K<J Equation 2-6 
For additional details on calculating the dimension of different types of nodes refer to 
Birrcher et al. [4], Williams et al. [36], and Larson et al. [37].  
 
 
Figure 2-22: Geometry of CCT node 
 
A final distinction made when discussing nodal zones is based on whether the node has 
measurable dimensions. Nodes that are located adjacent to a support or load point have a 
defined geometry based on the bearing dimensions and bordering elements. Most of the 
other nodes in a strut-and-tie model do not have a definite geometry. Nodes without a 
defined geometry are called smeared nodes and typically do not need to be checked. For 
further details on smeared nodes refer to Wight and Parra-Montesinos [38], and Birrcher 
et al. [4]. 
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2.7 STM Design Provisions 
The two STM design provisions that are primarily used in practice in the US are found in 
ACI 318-14 [3], and the AASHTO LRFD Bridge Design Specification [19]. An overview 
of these two design provisions is given in this section.  
2.7.1 ACI 318-14 Building Code [3]  
The ACI 318-14 Building Code [3] has separate design checks for the strength of struts, 
ties, and nodes. The reduced design strength (ϕFns for struts and ϕFnn for nodes) must be 
greater than the factored element force (Fus for struts and Fun for nodes) for both struts and 
nodes, as shown in Equation 2-7 and Equation 2-8.  
OPQ% ≥ PS% Equation 2-7 
OPQQ ≥ PSQ Equation 2-8 
The strength of the struts and nodes is dependent on the area of concrete at the interface 
between the struts and nodes (Acs for struts and Anz for nodes) and the effective concrete 
strength of the elements (fce). Relationships for these design strengths are shown in 
Equation 2-9 through Equation 2-12. 
PQ%   $B % Equation 2-9 Eqn. (23.4.1a) 
 $  0.85T%′  Equation 2-10 Eqn. (23.4.3) 
PQQ   $BQV Equation 2-11 Eqn. (23.9.1) 
 $  0.85TQ′  Equation 2-12 Eqn. (23.9.2) 
 
 
The effective concrete strength (fce) for struts and nodes is dependent on the strut coefficient 
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(βs) and node coefficient (βn), respectively, and the concrete compressive strength (f’c). The 
strut coefficient (βs) depends on the geometry and location of a strut and are summarized 
in Table 2-2. The minimum of the strut and node coefficients should be used when 
designing the strut-to-node interface. Relevant to the members investigated in this research, 
struts with uniform cross-sectional areas along their length have a strut coefficient of 1.0, 
and struts located in regions where stresses can spread along the strut length without the 
minimum strut reinforcement have a strut coefficient of 0.6λ. The truss-like specimens 
have a uniform area along the length, so the strut coefficient is equal to 1.0. The rectangular 
specimens allow stress to spread along the strut length, so the strut coefficient is 0.6 (with 
λ equal to 1.0 for normal-weight concrete). 
The node coefficient (βn) depends on the number of ties that are anchored into the node. 
Relevant to the members investigated in this research, the node coefficient is equal to 1.0 
for nodes with no ties and 0.8 for nodal zones anchoring one tie. Members with external 
unbonded reinforcement have no ties anchoring in the nodal zones, so the node coefficient 
was taken as 1.0. Members with internal bonded reinforcement have one tie anchoring in 
the nodal zone, so the node coefficient was taken as 0.8.  
These were some of the factors that were the focus of this testing program. There are 
several other resources with a more comprehensive explanation of the ACI 318-14 STM 
procedures [16], [17].  
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Table 2-2: Strut and node coefficients 
 
Strut (WX) Node (WY) 
Prismatic Bottle-shaped CCC CCT CTT 
1.0 
with min. 
reinforcement 
Without min. 
reinforcement 1.0 0.8 0.6 
0.75 0.6	 
 
A complete example to determine the strength of one of the experimental specimens using 
ACI 318-14 is provided in Appendix B. 
2.7.2 AASHTO LRFD Bridge Design Specification [19]  
Like ACI 318-14 [3], AASHTO LRFD [19] also requires that the reduced design strength 
(ϕPn) be greater than the factored element force (Pr) for struts, ties, and nodes, as shown in 
Equation 2-13. 
OZQ ≥ Z+ Equation 2-13 Eqn. (5.8.2.3-1) 
For struts and nodes, AASHTO LRFD 2016 requires only a check of the nominal resistance 
of the node faces, as shown in Equation 2-14, which is dependent on the limiting 
compressive stress of the node face (fcu) and the effective cross-sectional area of the node 
face (Acn).  
ZQ   SB Q Equation 2-14 Eqn. (5.8.2.5.1-1) 
The limiting compressive stress of the node face (fcu) depends on the type of node (CCC, 
CCT, or CTT), the face where the nominal resistance is being found (bearing face, back 
face, or strut-to-node interface), the compressive strength of the concrete (f’c), and any 
confinement effects from surrounding concrete (accounted for through m), as shown in 
Equation 2-15.  
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 S  [\′  Equation 2-15 Eqn. (5.8.2.5.3a-1) 
Note that unlike ACI 318-14, AASHTO LRFD [19] does not account for the effect of 
stresses being able to spread along the length of struts or not being able to in members 
with constant cross-sectional areas along the length of struts.  
Benefits from confinement are accounted for when the bearing area (A1) is smaller than 
the notional area (A2, defined in AASHTO) and uniform loading is applied by using 
Equation 2-16.  
[  ]BB  2.0 Equation 2-16 Eqn. (5.6.5-3) 
Note that no confinement benefits will be achieved when the loading plate has the same 
width as the specimens (m equals 1.0). 
The concrete efficiency factor (v) depends on the type of node (CCC, CCT, or CTT), the 
face where the nominal resistance is being found (bearing face, back face, or strut-to-node 
interface), the presence of minimum strut reinforcement, and the compressive strength of 
the concrete (f’c). For beams with minimum crack control reinforcement, the concrete 
efficiency factors (v) are summarized in Table 2-3. 
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Table 2-3: Concrete efficiency factor (v), if minimum crack-control reinforcement is provided 
 
Node 
Type 
Face 
Bearing 
Face 
Back 
Face Strut-to-Node Interface  
CCC 0.85 0.85 0.45  	0.85	 −  !20^<8 		 		0.65 
CCT 0.7 0.7 0.45  	0.85	 −  !20^<8 		 		0.65 
CTT 0.45  	0.85	 −  !20^<8 		 		0.65 
 
For beams without minimum crack control reinforcement, the concrete efficiency factor 
(v) is equal to 0.45. 
A complete example to determine the strength of one of the experimental specimens using 
the AASHTO LRFD Bridge Design Specification is provided in Appendix B. 
2.8 Summary 
Fundamental concepts and background information about STM were presented in this 
chapter. STM is a design procedure applicable to any section in any member but required 
in D-regions. It is a lower-bound plasticity theorem, so as long as equilibrium is satisfied 
and a beam is detailed so forces can redistribute, using STM will produce a safe design. A 
strut-and-tie model modeling the stress flow through a member using a hypothetical truss 
or kinematic model. The tension elements in the truss are ties, compression members are 
struts, and points of intersection are nodes. Design using STM requires ensuring sufficient 
capacity for struts and nodes and providing adequate steel reinforcement to resist tie forces. 
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Current ACI 318 terminology defines two different types of struts (bottle-shaped struts and 
prismatic struts) and has different strength coefficients for each. Previous research has 
brought into question whether bottle-shaped and prismatic are adequate descriptions of 
strut type and whether there is a difference in strength between them. The objective of this 
research was to further investigate the behavior of these struts when inclined.  
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Chapter 3: Loading Test Setup 
3.1 Overview 
Concrete without shear reinforcement is impacted by size (size effect), so specimens need 
to be sufficiently large to represent the true behavior of members found in actual structures. 
A high-capacity (800-kip) test frame was required to test the specimens in the experimental 
program. The design, construction, and capabilities of the test frame are given in this 
section. 
3.2 Loading Setup Details 
The load setup was designed to have an 800-kip capacity and tie into the already existing 
strong floor in the Titan America Structures Laboratory at FIU. The strong floor in the 
structures lab has groups of four threaded rod tie downs spaced at three feet center to center 
in the East-West direction and six feet center to center in the North-South direction. Each 
of the tie-down groups has a 100-kip capacity (25 kips in each of the four threaded rods), 
so eight of these tie down groups needed to be engaged to achieve an 800-kip capacity. The 
eight tie-down points selected for the design of the load frame are shown in Figure 3-1. 
One set of tie-down groups was not engaged in the center of the East-West direction to 
allow room for the test specimens. 
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Figure 3-1: Available tie-downs in the Structures Laboratory 
 
The load frame was then designed based on the available tie-down groups. The different 
components of the load setup are highlighted in Figure 3-2. Steel plates are located at each 
of the tie-down groups to engage all the four threaded rods, shown in Figure 3-2 (a). A 
beam (B-3) consisting of two channel steel sections (C15x40) connected with _` -inch steel 
plates welded to the top and bottom of the channel sections and plate stiffeners located 
where needed was used to connect adjacent plates on the tie-down groups, shown in Figure 
3-2 (b). These B-3 beams were connected on each side using similar double channel steel 
beams (B-2), shown in Figure 3-2 (c). A large plate-girder spreader beam (B-1) was then 
used to connect the B-2 beams together, shown in Figure 3-2 (d). B-1 was connected to B-
2 using large diameter threaded rods, which allows for easy vertical adjustment of the 
loading frame depending on the size of the test specimen. Two plates parallel to each other 
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and connected with a pin were welded on top of beam B-1 allow for easy connection with 
the crane.  
 
Figure 3-2: The steps of loading set-up and specimen installation 
 
The load is applied by an 800-kip hydraulic jack (10,000 psi) attached to the spreader beam 
B-1 using four high-strength bolts. Load cells with 250-kip capacity were designed to be 
located on each of the four threaded rods between beam B-1 and the nut on the end of the 
rod. These load cells measure the load in each rod and ensure that the load is being applied 
symmetrically on the load frame. The load applied to the specimen is then equal to the total 
load measured in all four of the load cells plus the weight of B-1 and the hydraulic jack.  
Construction drawings of each component of the test setup are provided in Appendix A. 
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3.3 Assembly and Disassembly 
The procedure for assembling and disassembling the test setup is described in this section. 
First, all the threaded rods and steel plates need to be installed at each of the tie-down 
groups, shown in Figure 3-2 (a) and Figure 3-3. One practical recommendation for 
installing the first rods in the tie-downs is that the rods should be tied to the ground while 
they are in the plates, as shown in Figure 3-3. Because of imperfections in the tie-downs, 
it is difficult to put the plate over the rods after they are already threaded into the strong 
floor. 
 
Figure 3-3: installing the first rods in the ground 
 
After installing all the rods to the ground, the distance of all the plates to the ground was 
measured to make sure they have the same clearance. Each plate was leveled with a small 
beam level, and the adjoining plates were leveled with a longer one. Beams B-3 were then 
attached to each plate using threaded rods and checked again to ensure they were level, as 
shown in Figure 3-2 (b). Beams B-2 were then placed and attached to Beams B-3, as shown 
in Figure 3-2 (c). The different threaded rods required for installation of the load setup are 
highlighted in Figure 3-4. 
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Figure 3-4: installing rods to connect the beams 
 
The specimen was placed into the test setup after installing all the rods, but before the 
placement of the spreader beam (B-1). The component of the specimens tested in this 
program are highlighted in Figure 3-5. The pin supports were first placed in the correct 
location relative to the testing frame. Next, the beam was moved into position and gypsum 
cement mortar (hydro-stone) was placed on top of the support plate and the beam carefully 
lowered into position. Gypsum cement mortar is used to ensure that the force is equally 
distributed on the specimen at the location of the support plate. The node beam and 
threaded rods used for tension steel was then placed for the specimens with external 
unbonded reinforcement, shown in Figure 3-5 (c). Node beams were held in position using 
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wood spacers. These wood spacers were removed during testing after a small amount of 
load was placed on the beams. Gypsum cement mortar was also placed between the back 
of the specimens and the node beams. Finally, the load plate was placed on top of the 
specimen with gypsum cement mortar between the place and specimen.  
 
Figure 3-5: Assembling specimens with load and support conditions 
 
After the specimen was in its proper location, Beam B-1 with the hydraulic jack already 
attached was lowered into place in the test setup over the specimen. Load cells were placed 
on each of the four main threaded rods and then washers and nuts were installed. 
Disassembly of the setup can be achieved by following the above procedure in reverse. 
Also note that if any rods need to be replaced (other than the four rods supporting the 
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spreader beam B-1), they can be removed and replaced without disassembly of the entire 
load frame.  
3.4 Load and Support Conditions 
Gypsum cement mortar was used between the plates (loading and reactions) and the 
concrete specimen to ensure the loads were distributed evenly.  
Pin-pin supports under all of the specimens were provided for vertical reaction against the 
strong floor of the laboratory. The external unbonded reinforced specimens were restricted 
horizontally by a node beam and high-strength threaded rods, as shown in Figure 3-2 (c) 
and (d).  
One of the test specimens failed because of deficient gypsum cement mortar beneath the 
load plate. The gypsum cement mortar was not sufficiently mixed prior to placement, so a 
more concentrated load was applied to part of the beam under the load plate. A photograph 
of this test specimen after failure is shown in Figure 3-6. The importance of properly 
mixing and placing the gypsum cement mortar is highlighted by this specimen. 
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Figure 3-6: failure in specimen with deficiency in Gypsum 
 
3.5 Load Application and Measurement 
The specimens were loaded on top by an 800-kip hydraulic jack attached to the load frame 
connected to the strong floor. The details of the hydraulic jack are shown in Table 3-1. This 
jack was connected to an Enerpac ZE6-series pump.  
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Table 3-1: Hydrulic jack details 
 
Type of hydraulic Jack Powerteam #RD40013 
Cylinder Capacity-Push 800 kips 
Stroke 13.00 in. 
Oil Capacity - Push 1021.0 in3 
Retracted Height 26 9/32 in. 
Outside Diameter 12 5/8 in. 
Cylinder Effective Area-
Push 
78.54 in2 
Internal Pressure at Cap.-
Push 
10185 psi 
Product Weight 770 lbs. 
 
Load was measured using four 250-kip capacity load cells. These load cells were custom 
designed and build by StrainSense Enterprises, Inc. (www.strainsense.com). The 
dimensions for the load cells are provided in Figure 3-7. 
 
Figure 3-7:  Dimensions of 250-kip capacity load cells: (a) top and (b) side 
 
Initial calibration details were provided by the company that produced the load cells, 
3"
5"
3.5"
(a) (b)
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StrainSense Enterprises, Inc. Calibration details are shown in Table 3-2. A voltage reading 
was found for several different loads within the capacity of the load cell. A linear regression 
could then be done to find the load calibration equation shown. This equation was then 
used to convert the voltage reading to load in the data acquisition program.  
Table 3-2: Calibration detail for load cells 
 
Load Cell Number 160612 160613 160614 160615 
Load, kips (kN) Voltage (mV/V) 
25 (111) 0.2348 0.2212 0.2445 0.2249 
50 (222) 0.4641 0.4639 0.4822 0.4658 
100 (444) 0.9124 0.9105 0.9493 0.9117 
125 (556) 1.1352 1.1417 1.1821 1.1425 
150 (667) 1.3572 1.3695 1.4136 1.3686 
200 (889) 1.7999 1.8159 1.8758 1.8169 
250 (1112) 2.2411 2.2582 2.3365 2.2592 
Load Calibration 
Equation (kips) 112.24V-2.02 110.61V-0.70 107.61V-1.85 110.75V-0.99 
 
3.6 Data Acquisition System 
A new data acquisition system was designed, purchased, and set up to collect data from all 
the load cells, linear potentiometers, vibrating wire gages (VWGs), and other sensors. The 
data acquisition consisted of the following different components from Campbell Scientific: 
• CR6 Measurement and Control Datalogger:  This is a datalogger that is 
compatible with their CDM series measurement and control peripherals. This series 
allows for easy customization of the data acquisition system by connecting the 
48 
 
needed peripherals using ethernet cables.  
• CDM-VW305:  This is an interface that connects with up to eight VWGs and allows 
for dynamic reading of the VWG sensor. Previous interfaces only allowed for 
measurement rates of around 1 Hz. This interface allows for dynamic measurement 
rates of 20 to 333 Hz. 
• CDM-A116:  This is a multiplexer interface that allows for 16 differential inputs 
and four excitation channels.  
The data acquisition system was programmed using a Campbell Scientific data logger 
software. Code was developed to collect the data and an Excel sheet macro was designed 
to have a continuous output of the data. The code developed and used for this testing 
program is provided in Appendix C. 
3.7 Recommendations for Future Use 
The author would like to make several recommendations for future use of the test frame: 
1. Make sure that the gypsum cement mortar is mixed in a clean bucket or container. 
The properties of the mortar can be negatively affected if the bucket contains any 
debris or partially hydrated mortar.  
2. Ensure that all the nuts on the test setup are tight before testing. This will help to 
guarantee that all the beams and plates will remain balanced during testing.  
3. The load setup was designed for static testing of loads up to 800 kips. The rods high 
strength threaded rods should be visually inspected before and after cyclic testing 
at loads near the 800-kip capacity.  
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Chapter 4:  Strut Strength and Failure in Full-Scale Concrete Deep Beamsa  
*Nazanin Rezaeib, Gary Kleinc, and David Garberd 
4.1 Abstract 
There has been some recent debate in the actual behavior and performance of some 
components of strut-and-tie models specifically struts. This research aims to shed 
additional light on the behavior and performance of struts. Five full-scale concrete deep 
beams with two different shapes (rectangular and truss-like) were tested under a three-point 
load setup. The shear span-to-effective depth ratio (a/d) for the specimens were 1 and 1.6, 
which led to strut angles of 30 and 45 degrees. All the specimens were simply-supported 
vertically and reinforced with bonded or unbonded bars horizontally. The results indicate 
that the truss-like specimens have substantially more capacity compared to the rectangular 
specimens with similar dimension. The unbonded reinforced beam results were similar to 
bonded results. The ultimate shear strength obtained from the experimental tests was 
compared with STM estimates using current design codes to evaluate their safety and 
accuracy.   
Keywords: deep beams, strut-and-tie method, node behavior, failure mode, strut strength 
                                                 
a
 Submitted to ACI Structural Journal 
b
 Corresponding Author. PhD candidate, Civil and Environmental Engineering, Florida 
International University, Miami, Fl, USA. E-mail: nreza002@fiu.edu.   
 
c
 Executive Vice President and Senior Principal, WJE (Wiss, Janney, Elstner) Associates, 
Northbrook, Illinois, USA. E-mail: gklein@wje.com.  
 
d
 Assistant Professor, Civil and Environmental Engineering, Florida International University, 
Miami, Fl, USA. E-mail: dgarber@fiu.edu.  
50 
 
4.2 Introduction 
One of the most universally applicable methods to design a concrete structure is the strut-
and-tie method (STM). In this method, a concrete member is modeled as a truss (or 
collection of axially loaded elements) in which compression members (struts) and tension 
members (ties) are connected at nodes. Current ACI design provisions define two different 
types of struts depending on strut geometry:  prismatic and bottle-shaped. Bottle-shaped 
struts have the same dimension at the ends and a wider width at the mid-length. It is 
assumed that stresses spread in these struts, which creates tensile stress perpendicular to 
the strut axis. Prismatic struts have the same section along their entire length, either caused 
by geometric boundaries or bordering tensile stress regions.  
The strength of a member found using STM is heavily dependent on the strength estimation 
of compressive struts, tension ties, and nodes where they intersect. While the behavior of 
ties is fairly well comprehended, various factors affect the strut strength and behavior. 
These factors include type of strut, concrete strength, strut angle, orientation, width and 
extent of cracking, and degree of lateral confinement [35]. 
The history of designing concrete beams using STM started in the late 1890’s. Wilhelm 
Ritter, a German civil engineer, equated the reinforcing steel in concrete beams to tensile 
truss elements and the concrete to the compressive truss elements [39]. In the early 1900’s, 
Emil Mӧrsch [40] followed this idea to determine required shear reinforcing steel in B-
regions of concrete beams by truss analogy. In 1987, Schlaich et al. published a special 
report that included procedures and rules of designing an entire concrete beam using STM 
[14]. Based on this method, they introduced a unified design and detailing concept for all 
concrete structures [6]. They believed that this conceptual method helps designers to 
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understand the function of internal forces in the structure, and design and check the details 
better. Cook and Mitchell [41] and Breen et al. [42] then used STM to extend its use to 
determine the nominal capacity for other structures. In 1989, STM was first published into 
US code provisions in the AASHTO Guide Specifications for Design and Construction of 
Segmental Concrete Bridges [43]. Recently, this method has gained popularity for 
designing diaphragms, reinforcing details in discontinuity regions, anchor reinforcement, 
pile caps, foundations, members with opening, and other complicated concrete structures.   
A significant amount of research has been conducted examining the behavior of struts. 
According to Brown et al. [5], Brown and Bayrak [20], and Sahoo et al [21], when stress 
can spread outward a bottle-shaped strut will be present. The outward spreading of stress 
will result in transverse tensile stress developing in the strut. Since concrete is weaker in 
tension than compression, this tensile force causes failure of the specimens before they 
reaches their compressive capacity.  
Pujol et al. [8] tested various vertically-oriented specimens with different strut widths (L) 
to investigate this idea. Their specimens were loaded under the same boundary conditions 
and loading plates (6 in. [0.15m] x 6 in. [0.15 m]), as shown in Figure 4-1(a). They did not 
observe any trends between the shape of the specimens and their strength. As ACI 318-14 
[3] Chapter 23 recommends different efficiency factors for prismatic and bottle-shaped 
struts. Sahoo et al. [7] also developed some experimental tests, as shown in Figure 4-1(b), 
to asses these recommendations for design. The boundary condition and loading plates 
were the same (3.94 in. [0.1m] x 3.94 in. [0.1m]), but with various strut widths (L’) and 
strut lengths. They found that bottle-shaped struts have similar strength to prismatic struts 
suggesting that the efficiency factor of bottle-shaped struts should be modified. They also 
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made recommendations for the minimum effective transverse reinforcement in bottle-
shaped struts.   
 
Figure 4-1: (a) specimens for Pujol et al. [8] tests and (b) specimens for Sahoo et al. [7] tests. 
 
As mentioned before, one of the effective factors to estimate strut strength is strut angle, 
which recently has been considered in rectangular specimens with longitudinal 
reinforcement. An analytical investigation was conducted by Sahoo et al. [34] about the 
effect of strut inclination on strength. It is indicated that there is a direct linear relationship 
between the strut inclination angle and strut efficiency factor. Another recent experimental 
effort (Su and Looi [35]) investigated the efficiency factors in unreinforced deep beams. In 
this study, efficiency factors were defined based on uniaxial concrete strength and strut 
angle. Concrete with various strengths (4 to 12.54 ksi) were used in nine asymmetry 
specimens with strut angles of 30, 45, and 60 degrees to investigate how these parameters 
affect strut efficiency factor. These specimens had no shear reinforcement but did contain 
bonded longitudinal reinforcement. The researchers suggested 0.7 as a nominal strut 
efficiency factor based on the results of the experimental testing. 
L’ 11.81in
35.43 in
L
6 in 6 in
12 in12 in
11.81in
3.94 in
(a) (b)
(152 mm) (152 mm)
(304mm) (304mm)
(100 mm)
(100 mm)
(100 mm)
3.94 in
(100 mm)
(900 mm)
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An additional experimental study was performed by Beeby summarized by Van den 
Hoogen et al. [44] on a series of normal beams and beams with specific cut-outs in the 
concrete at midspan. They observed different shear failure mechanisms between the two 
specimens. They concluded from their observations that cracking caused by beam bending 
cut off the line of compression of the strut, preventing truss behavior. Diagonal tensile 
failure cracks occur before the beam can perform as a truss. 
Different international codes have different provisions for designing based on STM. One 
of the primary differences between these is how the strength of the strut and strut efficiency 
factor are estimated. The strut efficiency factor is typically varied based on either: 
• Strut type: ACI 318-14 [3], FIP Recommendations [45], fib Model Code [46] 
• Concrete strength: AASHTO LRFD Bridge Design Specification [19], Eurocode 
2 [47] 
• Strut angle:  CSA Standard A23.3-14 [48]. 
The presented research will shed additional light on the performance of struts, the effect of 
tension fields introduced by bending, and how their strength should be properly estimated.  
4.3 Research Significance 
Recent research has brought into question how current design specifications treat the 
behavior of struts, which typically controls member strength in STM. This study was 
designed to isolate the behavior of diagonal compression struts in typical deep beams. Two 
different beam types (rectangular and truss-like) with two different strut angles and either 
internal bonded or external unbonded longitudinal steel were constructed and tested to 
failure. In this way, the behavior of struts extending through diagonal tension fields is 
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directly compared to truss-like struts. Results were used to show the behavior of these struts 
and compare to current estimation procedures. 
4.4 Experimental Program 
4.4.1 Specimen Geometry and Design 
The primary experimental variables explored in this testing program were (1) specimen 
type (rectangular or truss-like), (2) strut angle (30 or 45 degrees) and (3) type of 
longitudinal reinforcement (external unbonded or internal bonded reinforcement). In total, 
five deep beams were constructed to investigate the effect of each of these variables on the 
strut behavior and design provision performance, as shown in Table 4-1. Specimen labels 
reflect the shape (“Re” for rectangular and “Tr” for truss-like), strut angle (30 or 45), and 
type of longitudinal reinforcement (“Ex” for external, unbonded and “In” for internal, 
bonded). No shear reinforcement was provided in these specimens.  
Table 4-1: Test Matrix 
 
No. Specimen Name 
Strut 
Angle 
Specimen 
Type 
Reinforcement 
Type 
f’c, ksi 
(MPa)
 
1 Re-30-Ex 30o Rectangle External 7.44 (51) 
2 Tr-30-Ex 30o Truss External 7.37 (50) 
3 Re-45-Ex 45o Rectangle External 5.63 (38) 
4 Tr-45-Ex 45o Truss External 5.63 (38) 
5 Re-45-In 45o Rectangle Internal 7.89 (54) 
 
The geometry of the specimens is shown in Figure 4-2. The length of the beams was fixed 
at 96 inches (2.44 m) and width fixed at 12 inches (0.305 m). The height of the beam (Z) 
was modified to change the strut angle, which also changed the shear span-to-effective 
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depth ratio (a/d). Two different heights were tested:  48 inches (1.22 m) (giving a/d = 1.0 
and 45-degree strut angle) and Z = 31.3 inches (0.795 m) (giving a/d = 1.6 and 30-degree 
strut angle).  
Two different geometries were also tested:  rectangular (as shown in Figure 4-2 (a) and (c)) 
and truss-like (as shown in Figure 4-2 (b)). These two geometries were selected to 
investigate the impact of removing the excess concrete on the strut behavior. The truss-like 
specimens have a consistent cross-sectional area along their entire length (i.e. they have 
the same cross-sectional area at the strut-to-node interfaces at the support and loading 
points as they do at the mid-length of the struts). The rectangular specimens allow stresses 
to spread as they leave the nodal region into the strut. These specimens also allow for the 
tension developed by flexural stresses from bending to influence the behavior of the struts.  
56 
 
 
Figure 4-2–Geometry of the specimens: (a) rectangular specimen with unbonded reinforcement, 
(b) truss-like specimen with unbonded reinforcement, and (c) rectangular specimen with bonded 
reinforcement. 
 
Two different types of longitudinal reinforcement were also tested: external unbonded and 
internal bonded reinforcement. The external unbonded reinforcement, shown in Figure 4-3 
(a) and (b), was comprised of two stiffened steel W shapes and eight high-strength steel 
threaded rods. The steel section was held at the correct height with wood and the bolts on 
the threaded rods were hand tightened prior to testing. The internal bonded specimen was 
reinforced with eight Grade 60 #11 bars, as shown in Figure 4-3 (c). The amount of internal 
bonded reinforcement was provided to have a similar total tie capacity to the external 
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unbonded reinforcement. The internal reinforcement was extended past the node and 
welded to an external steel plate to ensure the bars were properly anchored. Having internal 
bonded reinforcement changed the type of node at the support from a CCC node (with all 
compression boundary faces for the externally reinforced beams) to a CCT node (with one 
tension element intersecting the node). These different node types are highlighted in Figure 
4-2. The node type does not impact the estimated design strength using ACI 318-14, but 
does impact the estimated design strength using AASHTO LRFD. The internal bonded 
reinforcement was also thought to possibly introduce additional tension stresses in the 
beam, as was shown by results from Sahoo et al. [7] mentioned above.  
 
Figure 4-3–Specimens with external unbonded:  (a) rectangular and (b) truss-like; and with (c) 
internal bonded reinforcement (figure has transparent specimen to show internal reinforcement). 
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4.4.2 Material 
The set of beams were cast on two different days using ready mix concrete with the same 
mixture design, shown in Table 4-2. Course (uncrushed granite) and fine (uncrushed sand) 
aggregates were used with a maximum size of 0.5 inches (12.7 mm). The water-to-cement 
ratio for both casts was specified at 0.48. The specified compressive strength was 4 ksi (6.9 
MPa) for all the specimens. Actual measured concrete strengths on test days are shown in 
Table 4-1. 
The specified yield strength of the threaded rods used for the external tie reinforcement 
was 100 ksi (690 MPa) and the internal reinforcement had a specified yield strength of 60 
ksi (413 MPa). The tie was overdesigned to not control the capacity of the beams, so the 
actual yield strength of the bars should not have impacted the behavior.  
Table 4-2: Concrete mix design 
 
 
Cement 
lb (kg) 
Water 
lb (kg) 
Fine 
agg.  
lb 
(kg) 
Coarse 
agg.  
lb (kg) 
Admixtures 
oz/yd 
(kg/m) 
Specified 
slump 
 in (mm) 
air 
Quantities 690 (312) 
333 
(151) 
1,808 
(820) 
920 
(417) 38 (1.18) 
5-7  
(127- 
178) 
1.5-
4.5% 
 
4.5 Set up, Instrumentation, and Testing Procedure 
All the specimens were tested using a three-point bending set-up, as shown in Figure 4-4. 
The load was applied to the top of the specimens by an 800-kip (3,560-kN) hydraulic jack 
attached to the load frame connected to the strong floor. The specimens were supported by 
pin-pin supports reacting against the strong floor of the laboratory. Gypsum cement mortar 
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was applied between the steel plates and the specimens at the supports and load point to 
ensure the specimens were level and the load was distributed evenly. As previously 
mentioned, a transverse “node beam” and high strength threaded rods were used to 
reinforce the bottom tie for the external unbonded reinforced specimens.  
 
Figure 4-4: Schematic of test setup 
4.5.1 Loading Protocol 
The beams were loaded monotonically in increments of approximately 10 to 25 kips (44.5 
to 111 kN) prior to cracking. After each load increment the beams were inspected to see if 
the first crack had developed. After cracking, load increments were increased to 
approximately 50 kips (222 kN). Between each load increment, the beams were inspected 
to measure crack widths and mark crack progression. Photographs of cracking were also 
taken after each load increment. The estimated capacity of each specimen was obtained 
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from finite element analyses and STM prior to testing. The specimens were not approached, 
and load was applied continuously to failure, after the load on the specimens was greater 
than approximately half of the estimated capacity. The approximate loading speed for all 
of the tests was approximately 2 kips/s (8.9 kN/s). 
4.5.2 Instrumentation 
Data was collected during testing at a rate of 1 Hz using calibrated load cells, vibrating 
wire (VW) gages, string potentiometers, linear potentiometers, and pressure transducers. 
Load cells with a capacity of 250 kips (1,112 kN) were placed between the top beam and 
the reaction nuts at each rod location, as shown in Figure 4-4. Two linear potentiometers 
were located at the centerline of the beam on each side, 7.5 inches (191 mm) below the 
loading plate in all the tests. The linear potentiometers were placed at this location so 
deflections could be measured at the same location for both the rectangular and truss-like 
specimens. These results were recorded by a datalogger using a custom code written for 
the testing series. The location of the linear potentiometers and VW strain gages is shown 
in Figure 4-5.  
Sensors were labeled based on their location on the sample: “T” for top, “M” for middle 
and “B” for bottom of strut. Since sensors are in different directions, local Cartesian 
coordinates are defined for each strut: “X” signifies strains measured in the direction of the 
strut and “Y” strains measured perpendicular to the strut axis.  
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Figure 4-5: Location of instrumentation 
 
4.6 Experimental Results and Discussion 
The results from the full-scale experimental testing program will be discussed in this 
section including the crack patterns, observed failure modes, strains parallel and 
perpendicular to the strut axis, and failure loads. 
4.6.1 Crack Patterns 
The crack patterns for two of the rectangular specimens (bonded and unbonded) are shown 
in Figure 4-6. In both specimens, a vertical flexure crack started to form at midspan and 
progress up toward the loading point. For the rectangular beams with unbonded external 
reinforcement (Re-30-Ex and Re-45-Ex), a single flexure crack formed, progressed toward 
the load point, and widened under additional load, as shown in Figure 4-6 (a). No shear 
cracking formed in these beam prior to failure. For the rectangular specimen with internal 
bonded reinforcement (Re-45-In), cracking started at midspan like the unbonded 
specimens, as shown in Figure 4-6 (b). Additional cracks then formed along the bottom of 
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the beam and some of the flexure cracks located in the shear span turned into shear cracks. 
As distinguished in Figure 4-6 (b) the cracks observed in 35% Pmax were similar to cracks 
observed in 50% Pmax. The failure plane of the specimen with the internal bonded 
reinforcement was at a similar angle to the shear cracks that had developed. The first 
cracking loads for all the specimens are shown in Table 4-3. 
The truss-like specimens did not have any significant cracking prior to failure. First 
cracking in these specimens was typically a small crack developing under the load point at 
the bottom of the load point node. One of these specimens also experienced some spalling 
of the concrete off the side of the strut close to the failure load. No other cracking was 
observed prior to failure in the strut or in the support node.  
 
Figure 4-6: Crack pattern for (a) unbonded (Re-45-Ex) and (b) bonded (Re-45-In) specimens 
 
4.6.2 Observed Failure Modes  
A photo of all the specimens before, during and immediately following failure is shown in 
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Figure 4-7. Slow motion analysis of the videos during failure allowed the researchers to 
identify the specific component of each beam that failed first.  
The two rectangular specimens with external unbonded reinforcement (Re-30-Ex and Re-
45-Ex) both had similar failure mechanisms, as shown in Figure 4-7 (a) to (c) and (g) to 
(i). In both, failure occurred when the top corner of the rectangular beam broke off after 
development of a diagonal crack. The bearing region broke up as the top corner rotated 
away. The corner of each rectangular beam broke off close to the line between the edge of 
the load plate and the top edge of the back-face support plate; this line is highlighted in 
Figure 4-7 (a) and (g) for the near span. From slow motion analysis of the failure videos, 
it could be seen that the top corner of these beams began to break off just before the 
crushing of the support node.   
The rectangular specimen with internal bonded reinforcement (Re-45-In) failed in a similar 
manner to the rectangular beams with external unbonded reinforcement. This specimen 
also appeared to have the failure of by a diagonal crack and loss of the beam corner.  
The truss-like specimens with external unbonded reinforcement (Tr-30-Ex and Tr-45-Ex) 
both had similar failure mechanisms, as shown in Figure 4-7 (d) to (f) and (j) to (l). Both 
specimens had little to no cracking prior to failure. There was some spalling that occurred 
on the side of the struts, highlighted in Figure 4-7 (j). The failure of these specimens was 
caused by crushing of the concrete in the node under the load.  
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Figure 4-7: Before, during, and after failure for five tests 
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4.6.3 Low-Cycle Fatigue of Internally Reinforced Rectangular Specimen 
The actual strength of the concrete for specimens cast during the second day of casting was 
significantly higher than the specified strength. This resulted in one of the specimens 
included in this paper to have a higher capacity than that of the test setup. Finite element 
analysis was used to estimate the failure load, which was not substantially higher than the 
capacity of the test setup (890-kip [3,960-kN] estimated capacity versus 800-kip [3,560-
kN] capacity test setup). This specimen was then tested to failure through low-cycle 
fatigue.  
This specimen was loaded to 800 kips (3,560 kN) and then unloaded until failure. The load 
versus deflection curve for all the cycles is shown in Figure 4-8 (a). The specimen failed 
after the seventh cycle. The seven-cycle failure was used with knowledge from previous 
low-cycle fatigue testing of unreinforced concrete members (ACI 215 [49], and Paskova 
and Meyer [50]) to determine the one-cycle failure load, as shown in Figure 4-8 (b). The 
cycled load (800 kips [3,560 kN]) was found to be about 93 percent of the one-cycle failure 
load, which could then be estimated as 860 kips (3,825 kN). The one-cycle failure load is 
used in the below discussions. 
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Figure 4-8: (a) Load-displacement curve for bonded specimen and (b) curve relating number of 
cycles to failure to ultimate strength (ACI 215, 1992) (1 kip = 4.44 kN), (1 in=25.4 mm) 
 
4.6.4 Analysis of Test Results and Discussion 
The load versus displacement curves for all the beams with external unbonded 
reinforcement are shown in Figure 4-9. All the unbonded externally reinforced beams had 
linear elastic responses until the failure load was reached. This can be compared to the 
nonlinear response of the bonded internally reinforced beam (Re-45-In) shown in Figure 
4-8 (a). All the specimens failed in a brittle manner, so no specimens showed any post-
ultimate load ductility. 
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Figure 4-9: Load versus displacement curve for unbonded specimens with (a) 30-degree and (b) 
45-degree strut angles (1 kip = 4.44 kN) , (1 in=25.4 mm) 
 
The normalized failure loads for all the specimens are shown in Figure 4-10. These loads 
are normalized in two different ways to account for the varied behavior between crushing 
of the compression struts and failure induced by diagonal tension. The first normalization 
is based on the stress at the strut-to-node interface and the compressive strength of concrete 
(f’c), as shown in Equation 4-1. Normalizing the strut stress by the compressive strength is 
appropriate since strut crushing is controlled by the compressive strength. The second 
normalization is based on the shear stress and the square root of the compressive strength, 
as shown in Equation 4-2.   
b%#+S#	%#+$%%  c#$%#′ B%#+S# sin J%#+S# Equation 4-1 
b%d$e+	%#+$%%  c#$%#	H′  Equation 4-2 
For these specimens, the normalized strut stress is most appropriate for the truss-like 
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specimens and the normalized shear stress for the rectangular specimens. This is because 
the truss-like specimens clearly failed due to crushing of the strut under the support while 
the rectangular specimen all were influenced by the diagonal tension developing in the 
strut. 
  
Figure 4-10: Summary of the experimental failure loads (a) normalized based on strut stress and 
(b) normalized based on shear stress 
 
There is a clear difference in strength between the rectangular and truss-like specimens. 
The normalized strength of the truss-like specimens was 41 percent greater than the 
rectangular specimen for 30-degrees and 25 percent greater for 45-degree. The failure 
mechanisms for these beams is also shown in Figure 4-11. Failure in the rectangular beams 
was triggered by loss of the top corner followed by crushing of the concrete in the support 
node. The loss of the corner of these beams shows the presence of diagonal tension in these 
beams.  Failure in the truss-like beams was caused by the crushing of the concrete in the 
node under the support. The difference in strength between the rectangular and truss-like 
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specimens was greater in the 30-degree specimens suggesting that diagonal tension 
becomes more significant as strut angle decreases.  
The rectangular beam with external reinforcement (Re-45-Ex) had a normalized shear 
stress 26-percent less than the beam with internally bonded reinforcement (Re-45-In). This 
was unexpected as it was anticipated that the additional tensile stresses in the concrete 
developed from the bonded steel would decrease the capacity of the strut and support node. 
The difference in serviceability performance between these two specimens is presented 
above and shown in Figure 4-6. 
Evaluation of the effect of strut angle depends on how the data is normalized. As previously 
mentioned, the failure loads of the truss-like specimens are most appropriately normalized 
by the strut area and concrete compressive strength, shown in Figure 4-10 (a) and Equation 
4-1. Using this normalizing, the 45-degree truss specimen was 12 percent stronger than the 
30-degree specimen. The failure loads of the rectangular specimens are most appropriately 
normalized by shear stress, as shown in Figure 4-10 (b) and Equation 4-2. The 45-degree 
rectangular specimen was about 4 percent stronger than the 30-degree specimen using this 
normalization technique.  
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Figure 4-11: Failure modes of rectangular versus truss specimens 
 
The longitudinal strains along the axis of the struts are plotted against the applied load in 
Figure 4-12 (a) and (c) and against location in Figure 4-12 (b) and (d) for the rectangular 
and truss-like specimens, respectively. The presented results are for the 45-degree strut 
specimens, but similar results were also observed in the 30-degree specimens. The strain 
in the middle gage (at mid-length of the strut) was lower than the strain at the ends of the 
strut for the rectangular specimen. These strains would be consistent with diagonal tension 
and spread of stresses in the rectangular beams. The longitudinal strains in the truss-like 
specimens were similar in the lower and middle portions of the strut and then increased at 
the top of the strut. The failure occurred at the top of the strut in these specimens, which 
would explain the reason for the increased strain at that location.  
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Figure 4-12: (a) Load versus longitudinal strain curve and (b) strain versus distance curve at 
0.9Pmax for Re-45-Ex and (c) Load versus strain curve and (d) strain versus distance curve at 
0.9Pmax for Tr-45-Ex (1 kip = 4.44 kN). 
 
Strain was also measured perpendicular to the strut axis at the mid-length of the strut. These 
perpendicular strains are plotted versus the load for the 30-degree strut angle rectangular 
and truss-like specimens (Re-30-Ex and Tr-30-Ex, respectively) in Figure 4-13. Similar 
results were obtained from the 45-degree specimens. Transverse strains developed in both 
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the rectangular and truss-like specimens. It was expected that there would be larger 
transverse strains developing in the rectangular specimens than the truss-like specimens, 
but comparable strains developed in each. The perpendicular strain in the truss-like 
specimen at the failure load of the rectangular specimen is highlighted in Figure 4-13 (b). 
The transverse strain of the rectangular specimen was about 16 percent greater than the 
truss-like one in exactly the middle of the strut. 
 
Figure 4-13: Load versus perpendicular strut strain for (a) Re-30-Ex and (b) Tr-30-Ex (1 kip = 
4.44 kN). 
 
4.7 Comparison with Current STM Estimates 
A comparison between the actual test capacity and estimated capacity of the beams using 
ACI 318-14 [3], the 2016 AASHTO LRFD Bridge Design Specification [19] will be 
presented in this section. A summary of the actual capacity of each specimen alongside the 
estimated capacity using both ACI 318-14 [3] and AASHTO LRFD [19] is presented in 
Table 4-3. Note that the estimated capacities do not include the strength reduction factors 
(ϕ). The measured strength normalized by the estimated capacity is shown in Figure 4-14; 
note that a measured over estimated capacity ratio (M/E) less than 1.0 is unconservative. 
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The AASHTO LRFD [19] provisions conservatively estimated the failure load for all the 
specimens. The ACI 318-14 provisions conservatively estimated the capacity of two of the 
five specimens (Tr-45-Ex and Re-45-In). The other three specimens were unconservatively 
estimated using the ACI 318-14 provisions:  Re-30-Ex had an M/E of 0.74, Tr-30-Ex was 
0.81, and Re-45-Ex was 0.98.   
Table 4-3: Measured and Estimated Failure Loads 
 
No. Specimen Name 
Pcrack, kips 
(kN) 
Ptest, kips 
(kN) 
PACI, kips 
(kN) 
PAASHTO, 
kips (kN) 
1 Re-30-Ex 25 (111) 381(1690) 512 (2277) 380 (1690) 
2 Tr-30-Ex 100 (445) 583 (2590) 709 (3153) 375 (1668) 
3 Re-45-Ex 60 (267) 557 (2480) 568 (2526) 488 (2170) 
4 Tr-45-Ex 382 (1700) 717 (3190) 691 (3073) 517 (2299) 
5 Re-45-In 60 (267) 860 (3830) 669 (2975) 501 (2228) 
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Figure 4-14: Measured strength divided by estimated strength using ACI 318-14 [3] and 
AASHTO LRFD [19]. 
 
The predicted failure modes compared with observed failure modes are shown in Table 
4-4. Generally, the predicted failure node using ACI 318-14 [3] was similar to the predicted 
failure node using AASHTO LRFD [19], although the controlling face of the failure node 
was different for some members. These predicted failures were similar to the observed 
failure mode for most of the members. The only significant difference was the prediction 
of the failure location for Re-45-In, which had internally bonded reinforcement with 
welded plates at the end. An in-depth discussion of this specimen can be found in Rezaei 
et al. [11].  
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Table 4-4: Predicted versus observed failure modes 
 
Specimen ACI Predicted AASHTO Predicted Observed 
Re-30-Ex 
Strut-to-Node 
Interface (Support 
Nodes) 
Back Face  
(Support Nodes) 
Diagonal Tension / 
Support Nodes 
Tr-30-Ex Back Face (Support Nodes) 
Back Face  
(Load and Support 
Nodes) 
Load Node 
Re-45-Ex 
Strut-to-Node 
Interface (Support 
Nodes) 
Back Face  
(Support Nodes) 
Diagonal Tension / 
Support Nodes 
Tr-45-Ex Back Face (Load Node) 
All Faces (Load and 
Support Nodes) Load Node 
Re-45-In 
Strut-to-Node 
Interface 
(Load Node) 
Back Face  
(Load Node) 
Diagonal Tension / 
Support Nodes 
 
4.8 Summary and Conclusions 
The work of this project was to explore the difference in behavior between rectangular and 
truss-like beams without shear reinforcement. The experimental work consisted of testing 
five large-scale beams with different geometries (rectangular and truss-like), different strut 
angles (30 and 45 degrees), and different longitudinal reinforcement (external unbonded 
and internal bonded). The specimens were tested to failure and loads, deflections, and 
strains along the strut length perpendicular and parallel to the strut axis were measured. 
The behavior of the specimens and struts during testing was monitored, and the 
experimental capacity was compared to the estimated capacity using ACI 318-14 [3] and 
AASHTO LRFD [19].  
Several observations and conclusions can be made based on the results of this study: 
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• Geometry:  Truss-like specimens failed at higher loads than rectangular specimens 
(with the same angle). The truss-like specimens clearly failed due to crushing of 
the concrete in the node under the load point. Failure of the rectangular specimens 
was clearly triggered by the top corner of the specimens breaking off followed by 
failure of the support node. Pujol et al. [8] had previously found that strut geometry 
in vertically oriented struts did not influence the strut strength. The results from 
Pujol et al. [8] coupled with the observation from the failure of the rectangular 
specimens would suggest that there are diagonal tensile stresses that develop in 
these rectangular beam elements that influence the behavior of the member. 
• Type of Reinforcement:  The rectangular beam with external reinforcement had a 
normalized shear stress 26 percent less than the beam with internally bonded 
reinforcement. This was unexpected, since it was thought that the internal bonded 
reinforcement would increase the tensile stresses in the strut. Additional research is 
currently being done to further investigate this effect.  
• Strut Angle:  The 45-degree truss specimen was 12 percent stronger than the 30-
degree truss specimen. The 45-degree rectangular specimen was about 4 percent 
stronger than the 30-degree specimen. These results would suggest that strut angle 
does influence the strength of struts. Further testing should be done with struts at 
additional angles to identify the exact relationship. 
The current ACI 318 [3] STM provisions do not estimate the failure load of all the 
specimens conservatively. Design recommendations have been made by Klein et al. [12] 
to capture the influence of diagonal tension in these members.  
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4.10 Appendix 
The following symbols are used in the paper: 
a/d = shear span-to-depth ratio 
Astrut = area of strut-to-node interface, in.2   
bw  = web width, wall thickness, or diameter of circular section, in. 
d  = distance from extreme compression fiber to centroid of longitudinal tension 
reinforcement, in. 
fc′  = specified compressive strength of concrete, psi. 
L = length of specimens, in. 
Nshear stress = stress at strut-to-node interface normalized by concrete compression 
strength 
Nstrut stress = shear stress normalized by square root of concrete compression strength 
Pcrack = applied load at first cracking, kips 
Ptest = applied load at failure, kips 
PACI = estimated applied load at failure using ACI 318, kips 
PAASHTO = estimated applied load at failure using AASHTO LRFD, kips 
Vtest = shear force at beam failure, kips 
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Z = beam height of test specimens, in. 
θstrut = angle of strut, rad. 
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Chapter 5:  Effect of Development and Beam Geometry on Behavior of Concrete 
Deep Beamsa 
*Nazanin Rezaeib, Gary Kleinc, and David Garberd 
5.1 Abstract 
The effect of development type and length and beam geometry on the behavior of 
discontinuity regions in concrete deep beams was investigated through experimental 
testing and numerical study. Observations of cracking patterns and measurements of load 
and displacement at midspan of four large-scale concrete deep beams tested under a three-
point load setup were used to calibrate numerical models. Thirty-five specimens were then 
modeled in a nonlinear finite element software to evaluate the strength of deep beams with 
different development lengths, development types, strut angles, and beam geometries. 
Development length and type of development was found to impact the presence of tensile 
stress in the support nodes. A rectangular beam geometry was found to cause diagonal 
tension stresses in the struts, not present in truss-like specimens. The tensile stresses from 
reinforcement development and diagonal tension were found to not be additive in these 
rectangular beams. 
Keywords: Strut-and-tie, Finite element, Deep beam, Development, Failure mechanism 
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5.2 Introduction 
The strut-and-tie method (STM) is a simple and reliable tool for designing reinforced 
concrete deep beam members and discontinuity regions. STM relies on modeling the stress 
flow in a member with a theoretical truss or kinematic model composed of compression 
elements (struts), tension elements (ties), and the intersection of these elements (nodes). 
Nodal zones are the critical regions of the strut-and-tie model and can be defined based on 
the types of elements intersecting the node; they can be bounded by three or more struts 
(CCC), two or more struts and a tie (CCT), or a strut or struts and ties in two or more 
directions (CTT). According to Yun [51], the strength of nodal zones in the structure 
depends on: 
• Supports, struts, anchorage plates, and reinforcement, which can introduce 
confinement in the nodal zones,  
• Ties which are anchored in, or across, a nodal zone, which affect strain distribution 
in nodal zones and can cause splitting stresses. 
Other researchers have also confirmed the effects of confinement through experimental 
testing of beams with different bearing areas [52] and the effects of tension reinforcement 
[53]. These effects lead to nodes in the presence of tension (CCT and CTT) having lower 
capacities than nodes under only compression (CCC), which may also experience benefits 
from confinement. 
The strength of a member using STM is also dependent on the development of the 
reinforcement required to provide sufficient strength in ties. Development of reinforcement 
can be achieved by providing a sufficient embedment length of straight reinforcement. 
Hooked and headed bars can be used to decrease the required development length, but can 
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lead to congestion, which can cause constructability issues and poor concrete 
consolidation. Alternatively, tie reinforcement can be welded to anchorage plates that 
develop the tie force at the weld. Whether straight, hooked, or headed bars or some other 
means for bar development are used, the general requirement for STM is that the tie force 
be developed at the point where the centroid of the tie leaves the extended nodal zone [3]. 
However, it is considered good practice to develop the yield strength of the tie at the face 
of the support or reaction due to the likelihood of cracks at these locations. Ties can fail 
due to yielding of the tie reinforcement (which results in a desirable ductile failure), rupture 
or failure of the hook, headed bar, or mechanical device, or development failure of 
reinforcement [54].   
There has been some research done on the impact of headed reinforcement on the behavior 
of CCT nodes [54]–[57]. Thompson et al. [54] investigated the effect of headed bars on 
CCT node behavior through large-scale experimental testing. In their study, sixty-four CCT 
node specimens with 30, 45, and 55-degree strut angles were tested to failure. The 
researchers found that using small headed bars can increase the strength of the CCT nodes 
by up to 44 percent as compared to the non-headed bar case. They also found that bars 
required smaller head sizes as strut angle decreased, due to the increased available 
development length in the extended nodal zone. 
These nodal zones are only one component of a complete strut-and-tie model. A strut-and-
tie model is composed of struts, ties, and nodal zones, as shown in Figure 5-1 for a simply-
supported four-point loaded deep beam. During design, each of these elements must be 
designed and checked individually to resist the corresponding forces in the truss modeling 
the force flow through the beam. Current design provisions [3] base the strength of strut 
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elements on the strut type. Bottle-shaped struts are thought to be struts where stress can 
spread throughout the length of the strut. Prismatic struts are struts where compressive 
stresses are not able to spread. Bottle-shaped struts can be idealized as prismatic struts, but 
current ACI definitions would suggest this does not eliminate development of transverse 
tension. Recent work [8], [10], [12] has brought into question whether this is the actual 
behavior of these elements.  
 
Figure 5-1: Description of strut-and-tie model with ACI 318-14 [3] strut definitions 
 
The primary purpose of this study is to continue to investigate the influence of tension on 
the overall behavior of deep beam members through connecting the influence of 
development length to reinforcement type and specimen geometry.  
5.3 Research Significance 
There is a gap in understanding of how various factors affect the behavior of nodal zones 
and disturbed regions in deep beam members. This research investigated four independent 
parameters, including: overhang length (ranging from no development length provided past 
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the end of the bearing to full development provided for the specific development type), 
rebar development type (straight, hooked, internally bonded and externally unbonded 
reinforcement attached to the external plates), beam type (rectangular and truss-like), and 
strut angle (30, 45, and 60 degrees). The goal of the research was to determine the impact 
of these parameters on the development of tension in nodal zones and diagonal struts and 
to determine if the effects were additive or independent of one another.  
5.4 Experimental Program  
5.4.1 Specimen Geometry and Design 
The experimental program conducted at Florida International University (FIU) included 
the experimental testing of several concrete deep beams [10]. The results for four of these 
specimens are presented in this paper to validate the numerical analysis provided later. The 
details for the four specimens tested experimentally are shown in Table 5-1 and in Figure 
5-2 (with the appropriate overhang length [ℓ2] and reinforcement type). The specimens all 
had the same span length (span length 96 inches [2.44 m]), height (48 inches [1.22 m]), 
and width (12 inches [0.305 m]).  
The naming convention for all the specimens is based on the following experiment 
variables: 
• Specimen Type: “Re” for rectangular and “Tr” for truss-like 
• Reinforcement Type: “ExU” for externally unbonded; “S” for internal straight 
bonded; “H” for internal hooked bonded; and “EP” for internal bonded welded to 
steel plate 
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• Overhang Length (ℓ2): distance from outside of support bearing to end of 
development length 
Note that the results from three of the four specimens (all but Re(E)-H-0) have been 
previously presented in Rezaei et al. [10].  
Table 5-1: Details of experimental test specimens (“(E)” subscript identifies experimental tests) 
  
No. Specimen Name 
Specimen 
Type Reinforcement Type 
ℓ2,in. 
(mm) 
f’c, ksi 
(MPa)
 
1 Re(E)-H-0 Rectangle Internal-Hooked 0 (0) 7.86 (54) 
2 Re(E)-EP-9.5 Rectangle Internal-Extended Plate 9.5 (241) 7.89 (54) 
3 Re(E)-ExU-0 Rectangle External Unbonded 0 (0) 5.63 (38) 
4 Tr(E)-ExU-0 Truss External Unbonded 0 (0) 5.63 (38) 
 
An external plate was welded onto the internally bonded longitudinal reinforcement in one 
of the experimental specimens (Re(E)-EP-9.5), shown in Figure 5-2 (b). CCT and CTT 
nodes have generally lower strength capacity than CCC nodes. According to previous 
studies, using steel cage and anchorage plates on top of the support plates may change the 
formation of the CCT node [51], [58]. In the case of developing a #11 reinforcement 
properly, the required head on a headed bar would create congestion of the plates at the 
end [56]. For this reason, all the bars were welded to one plate at each end.  
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Figure 5-2: Typical specimens geometry for beam series (a) Re-H, (b) Re-EP, (c) Re-S, (d) Re-
ExU, (e) Tr-ExU, (f) Re-EP, where ℓ2 is overhang length and h is 8.5 inches  (215 mm) 
 
The full experimental matrix for the numerical investigation is presented in later sections, 
but uses the same nomenclature described above.  
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5.4.2 Material 
The externally unbonded reinforced specimens (Re(E)-ExU-0 and Tr(E)-ExU-0) were cast 
at the same time using the concrete mixture shown in Table 5-2. The internally reinforced 
cases (Re(E)-H-0 and Re(E)-EP-9.5) were cast at the same time on another day using the 
same design mixture as the first cast. The maximum size of the aggregates in this mixture 
was 0.5 inches (12.7 mm). A 0.48 water-to-cement ratio was used in both casts. The 
compressive strength measured on the test days are shown in Table 5-2. The ties were 
overdesigned to not govern the failure. The specified yield strength for external and internal 
tie reinforcement was 100 ksi (690 MPa) and 60 ksi (413 MPa), respectively. 
Table 5-2: Concrete mix design 
 
 
Cement 
lb (kg) 
Water 
lb (kg) 
Fine 
agg.  
lb (kg) 
Coarse 
agg.  
lb (kg) 
Admix. 
oz/yd 
(kg/m) 
Specified 
slump 
 in. (mm) 
air 
Quantities 690 (312) 
333 
(151) 
1,808 
(820) 
920 
(417) 
38 
(1.18) 
5-7  
(127- 178) 
1.5-
4.5% 
 
5.4.3 Loading Setup 
An 800-kip (3,558-kN) load frame was designed for the experimental testing, shown in 
Figure 5-3. The load frame consisted of an 800-kip (3,558 kN) hydraulic jack, four 250-
kip (1,112 kN) calibrated load cells to measure the load, pin supports at the beam ends, a 
node beam to provide the necessary longitudinal restraint in the externally reinforced 
beams, and linear potentiometers to measure vertical and horizontal deflection. The node 
beam was not used for the internally reinforced specimens. High strength gypsum cement 
mortar was used at the supports and load points to level the test specimens and ensure the 
load was applied evenly on the specimens. 
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Figure 5-3: The steps of loading setup and specimen installation 
 
5.4.4 Loading Protocol 
The load was initially applied monotonically in increments of approximately 10 to 25 kips 
(44.5 to 111 kN) on top of the specimens until the formation of the first crack. After the 
first crack was observed, additional load was applied in increments of approximately 50 
kips (222 kN). After each increment, the loading process was paused to measure crack 
widths, mark crack progression, and take photos of cracks. The load was applied 
continuously to failure and the specimens were not approached, after the load on the 
specimens was greater than approximately half of the estimated capacity. Photographs of 
Re(E)-H-0 before failure, during, and after failure are shown in Figure 5-4. 
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Figure 5-4: Re(E)-H-0 (a) before loading, (b) during loading, (c) after failure 
 
5.4.5 Instrumentation 
Load and deflection were measured during testing using calibrated load cells and linear 
potentiometers, respectively. Load cells with a capacity of 250 kips (1,112 kN) were placed 
between B-1 and the reaction nuts at each rod location, as shown in Figure 5-3 (d). Two 
linear potentiometers were located at the centerline of the beam on each side, 7.5 inches 
(191 mm) below the loading plate in all the tests. The linear potentiometers were placed at 
this location so deflections could be measured at the same location for all the specimens. 
5.5 Numerical Program 
An overview of the numerical investigation will be given in this section, including the 
validation of the numerical models based on the experimental results.  
5.5.1 Modeling Parameters 
The finite element analysis was completed using ATENA GiD 13.0.3. The geometry of the 
specimens was built in the pre-processor and the material properties were assigned to each 
element of the specimen. As material properties play a significant role in numerical 
modeling, it is important to have models that accurately estimate actual material behavior 
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for valid results. The concrete was modeled by a 3D solid brick element with 
CC3DNonLinCementitious2 material prototype, which is fully incremental with eight to 
20 nodes [59]. Plastic deformation, cracking, and crushing can be modeled with this 
element and material, and it has three degrees of freedom (X, Y, and Z) at each node. 
Cracking is predicted using a fictitious crack model [60]. This model is defined based on 
crack-opening law and fracture energy to model crack propagation in reinforced concrete 
structures. Three crack opening stages were defined during crack formation, as shown in 
Figure 5-5 (a). The concrete remains uncracked at applied tensile stresses (σc1) less than 
the effective tensile strength (f’tef). After cracking, a crack will increase in width based on 
the fracture energy (GF) of the crack until the full crack width (wc) is reached. After a crack 
has reached wc, the crack as compatibility requires without the need for additional fracture 
energy. 
 
Figure 5-5: (a) Tensile stress-strain curve for concrete with stages of crack opening, and (b) 
exponential crack opening law, adapted from [60] 
 
The summary of the concrete material model is shown in Table 5-3. A non-linear elastic-
plastic behavior was considered for the concrete. This behavior suggests linear relations in 
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the stress-strain field before cracking (Hooke’s Law), and after cracking the Drucker-
Prager and Rankine criteria are used to determine the behavior of specimens in 
compression and tension, respectively. Plastic strain and tension stiffening effects are also 
considered in the software. 
Table 5-3: Summary of Concrete Material Properties 
 
Concrete Material Properties 
Base Material Prototype CC3DNonLinCementitious2 
Cylinder Compressive Strength 7.89 ksi (54 MPa) 
Initial Elastic Modulus 4,350 ksi (29,992 MPa) 
Poisson’s Ratio 0.2 
Tensile Strength 0.52 ksi (3 MPa) 
 
Reinforcement was modeled using 1D bar elements which are a uniaxial tension-
compression element and CCReinforcement was chosen as a material prototype. All the 
unbonded and bonded reinforcement were modeled as typical Grade 100 and 60 
reinforcement, respectively. The unbonded reinforcement for the experimental specimens 
was high-strength (Grade 100) threaded rods. Normal bond characteristics between the 
concrete and reinforcement were used for the bonded specimens; this is an assumption that 
there were no issues with the bond at the time of casting. An elastic-plastic behavior was 
used to model the ties because they were designed to hold the stress before their yielding 
point. The steel yielding criterion was based on the von Mises definitions.  
Steel plates were used to simulate supports and loading plates using the 3Delasticisotropic 
material type. Steel plates were used to best impersonate support and load conditions of 
the experimental specimens. An elastic-isotropic material was assumed for the steel plates 
of the supports and loading area. 
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The size of the mesh for this study varied between 2 and 3 inches (50 and 76 mm). A 
tetrahedral mesh was adopted for the truss-like specimens. A hexahedron mesh was used 
for the rectangular specimens. The mesh size was refined using the results from the 
experimental testing and then used for all numerical models. 
Pin and roller support conditions were modeled at the centerline of the support plates. A 
displacement-controlled, distributed load was applied at the centerline of the load plate 
monotonically in 50 increments until failure. Results were obtained for each load step, 
including:  the load-deflection curve, the ultimate load, the ultimate deflection, stress strain 
values, and cracking behavior at each step. 
5.5.2 Model Validation 
The FE analysis was validated based on the load-displacement curves for four of the 
experimental specimens, as shown in Figure 5-6. The slopes of the experimental curves are 
similar to those of the numerical curves. Additionally, the failure loads from the numerical 
models were between 0 and 7-percent of the failure load measured through the 
experimental testing. These results suggest good agreement between the experimental and 
numerical results.  
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Figure 5-6: Comparing load-displacement results from experimental and numerical outputs (a) 
Re-H-0, (b) Re-ExU-0, (c) Tr-ExU-0, and (d) Re-EP-9.5 
 
The crack pattern was obtained at different stages of loading using the FE software. The 
crack pattern from the software could then be compared to the observed crack pattern from 
the experimental testing. The distribution of the observed cracks from the experimental test 
for Re-H-0 compared to the cracking from the numerical study is shown in Figure 5-7. First 
cracking occurred in both the experimental test and numerical model at about 10-percent 
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of the failure load and propagated from the mid-span upward to the load plate, as shown in 
Figure 5-7 (a) and (b). Because the reinforcement was bonded, additional flexure cracking 
and shear cracking formed, as shown in Figure 5-7 (c) and (d). The failure initiated by a 
development failure of the hook and diagonal failure was then seen in both experimental 
and numerical results. The crack patterns and service behavior in actual tests and FE 
analysis were consistent, further validating the results.  
 
Figure 5-7: Actual and predicted crack patterns in Re-H-0 
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5.5.3 Numerical Specimen Details 
The primary experimental variables for this numerical study were: 
• Specimen type:  rectangular and truss-like 
• Reinforcement and development type: internal-straight, internal-hooked, internal 
with a plate welded on end, and external with a plate bolted on end 
• Overhang length:  ranging from no development length provided past the end of 
the bearing to full development provided for the specific development type 
• Strut angle:  45-degrees was chosen as the primary value for strut angle, but 30- 
and 60-degree were also investigated for the specimens with bonded and unbonded 
external reinforcement with plates attached on the ends 
From these experimental variables, six primary series of specimens (shown in Figure 5-2) 
were modeled in the FE software with different geometry and overhang length. All the 
specimens with 45-degree strut angles modeled in the FE software are shown in Table 5-4.  
Table 5-4: Summary of the numerical specimen details and results 
 
No. Specimen Name 
Specimen 
Type 
Reinf. 
Type 
Overhang 
length,in. 
(mm) 
Failure 
Load,kips 
(kN)
 
Failure 
Location 
1 Re-S-0 Rectangle Internal-Straight 0 (0) 
484.7 
(2,156) 
Support 
Nodes 
2 Re-S-9.5 Rectangle Internal-Straight 9.5 (241) 
639.5 
(2,844) 
Support 
Nodes 
3 Re-S-18 Rectangle Internal-Straight 18 (457) 
742.6 
(3,303) 
Support 
Nodes 
4 Re-S-30 Rectangle Internal-Straight 30 (762) 
775.7 
(3450) 
Support 
Nodes 
5 Re-S-35 Rectangle Internal-Straight 35 (889) 
786.39 
(3,498) 
Support 
Nodes 
6 Re-S-40 Rectangle Internal-Straight 40 (1,016) 
811.4 
(3,609) 
Support 
nodes 
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No. Specimen Name 
Specimen 
Type 
Reinf. 
Type 
Overhang 
length,in. 
(mm) 
Failure 
Load,kips 
(kN)
 
Failure 
Location 
7 Re-H-0 Rectangle Internal-Hooked 0 (0) 
496.7 
(2,209) 
Support 
Nodes 
8 Re-H-9.5 Rectangle Internal-Hooked 9.5 (241) 
751.2 
(3,341) 
Support 
Nodes 
9 Re-H-18 Rectangle Internal-Hooked 18 (457) 
915.4 
(4,071) 
Support 
Nodes 
10 Re-H-30 Rectangle Internal-Hooked 30 (762) 
891.3 
(3,964) 
Support 
Nodes 
11 Re-H-40 Rectangle Internal-Hooked 40 (1,016) 
853.6 
(3,797) 
Support 
Nodes 
12 Re-EP-0 Rectangle 
Internal-
External 
Plate 
0 (0) 809.7 (3601) 
Support 
Nodes 
13 Re-EP-9.5 Rectangle 
Internal-
External 
Plate 
9.5 (241) 889.5 (2,156) 
Support 
Nodes 
14 Re-EP-18 Rectangle 
Internal-
External 
Plate 
18 (457) 865.7 (3,850) 
Support 
Nodes 
15 Re-EP-40 Rectangle 
Internal-
External 
Plate 
40 (1,016) 833.7 (3,708) 
Support 
Nodes 
16 Re-ExU-0 Rectangle External-Unbonded 0 (0) 
911.7 
(4,055) 
Support 
Nodes 
17 Re-ExU-9.5 Rectangle 
External-
Unbonded 9.5 (241) 
942.7 
(4,193) 
Support 
Nodes 
18 Re-ExU-18 Rectangle 
External-
Unbonded 18 (457) 
881.7 
(3,922) 
Support 
Nodes 
19 Re-ExU-40 Rectangle 
External-
Unbonded 40 (1,016) 
880.9 
(3,918) 
Support 
Nodes 
20 Tr-EP-0 Truss 
Internal-
External 
Plate 
0 (0) 884.6 (3,934) 
Support 
Nodes 
21 Tr-EP-9.5 Truss 
Internal-
External 
Plate 
9.5 (241) 989.4 (4,401) 
Support 
Nodes 
22 Tr-EP-18 Truss 
Internal-
External 
Plate 
18 (457) 1011 (4,497) 
Support 
Nodes 
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No. Specimen Name 
Specimen 
Type 
Reinf. 
Type 
Overhang 
length,in. 
(mm) 
Failure 
Load,kips 
(kN)
 
Failure 
Location 
23 Tr-EP-40 Truss 
Internal-
External 
Plate 
40 (1,016) 1003.6 (4,464) 
Support 
Nodes 
24 Tr-ExU-0 Truss External-Unbonded 0 (0) 
1194.5 
(5,313) 
Load 
Nodes 
25 Tr-ExU-9.5 Truss 
External-
Unbonded 9.5 (241) 
1136.6 
(5,055) 
Load 
Nodes 
26 Tr-ExU-18 Truss 
External-
Unbonded 18 (457) 
1090.6 
(4,851) 
Load 
Nodes 
27 Tr-ExU-40 Truss 
External-
Unbonded 40 (1,016) 
1051.9 
(4,679) 
Load 
Nodes 
 
The development lengths were calculated according to Section 25.4.2.3 and 25.4.3.1 of 
ACI 318-14 and found to be 40 inches (1,016 mm) for straight bars and 18 inches (457 
mm) for hooked bars. An additional overhang length of 9.5 inches (241 mm) was chosen 
to have a length between 0 inches and 18 inches (0 and 457 mm) and to be able to compare 
the results with one of the experimental tests, Re(E)-EP-9.5. 
Additional specimens with 30- and 60-degree angles are provided in Table 5-5. These 
specimens only included Re-EP, Tr-EP, Re-ExU, and Tr-ExU series. Additionally, an 
overhang length beyond the edge of the bearing pad of 0 inches (0 mm) was used for all 
these specimens. 
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Table 5-5: Summary of the numerical specimen details and results for different strut angle and 0 
in. (0 mm) overhang length 
 
No. Specimen Name 
Specimen 
Type 
Reinf. 
Type 
Strut 
angle 
(degree) 
Failure 
Load,kips 
(kN)
 
Failure 
Location 
1 Re-EP-30 Rectangle 
Internal-
External 
Plate 
30 392.8 (1,747) 
Support 
Nodes 
2 Re-EP-45 Rectangle 
Internal-
External 
Plate 
45 809  (3,598) 
Support 
Nodes 
3 Re-EP-60 Rectangle 
Internal-
External 
Plate 
60 1404.3 (6,246) 
Support 
Nodes 
4 Tr-EP-30 Truss 
Internal-
External 
Plate 
30 362.8 (1,613) 
Load 
Nodes 
5 Tr-EP-45 Truss 
Internal-
External 
Plate 
45 885  (3,936) 
Load 
Nodes 
6 Tr-EP-60 Truss 
Internal-
External 
Plate 
60 954  (4,243) Load nodes 
7 Re-ExU-30 Rectangle External-Unbonded 30 
593.2 
(2,638) 
Support 
Nodes 
8 Re-ExU-45 Rectangle External-Unbonded 45 
912  
(4056) 
Support 
Nodes 
9 Re-ExU-60 Rectangle External-Unbonded 60 
1351.6 
(6,012) 
Support 
Nodes 
10 Tr-ExU-30 Truss External-Unbonded 30 
746.4 
(3,320) 
Load 
Nodes 
11 Tr-ExU-45 Truss External-Unbonded 45 
1195 
(5,315) 
Load 
Nodes 
12 Tr-ExU-60 Truss External-Unbonded 60 
1367.2 
(6,081) Load nodes 
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5.6 Results and Discussion 
The results from the FE analyses are presented in this section. An overall summary of the 
results is first presented followed by a breakdown of results by comparison: 
• Effect of development length, 
• Effect of type of development,  
• Effect of beam type, 
• Effect of internal bonded versus external unbonded reinforcement, and 
• Effect of strut angle. 
      
5.6.1 Summary of Results 
As mentioned, there were six primary series of beams that were modeled based on the beam 
geometry and tie reinforcement. The failure loads for all these beams at the various 
overhang lengths are summarized in Table 5-6. The failure load for beams with 
theoretically fully developed reinforcement is highlighted. These results are all for 45-
degree beams; results from the 30- and 60-degree beams will be discussed in more detail 
in later sections.  
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Table 5-6:  Summary of failure loads for all beams with 45-degree strut angle in numerical 
investigation (underlined* number indicates sufficient development length estimated using ACI 
318-14) 
 
ℓ2, 
in.(mm) 
Failure Loads (organized by series), kips (kN) 
Re-S Re-H Re-EP Re-ExU Tr-EP Tr-ExU 
0 (0) 485 (2157) 
497 
(2209) 
809.7* 
(3601) 
912* 
(4056) 
885*  
(3936) 
1195* 
(5315) 
9.5 (241) 640 (2846) 
751 
(3340) 
890 
(3958) 
942.7 
(4193) 
989  
(4399) 
1137 
(5057) 
18 (457) 743 (3305) 
915* 
(4070) 
866 
(3852) 
881.7 
(3741) 
1011 
(4497) 
1091  
(4853) 
30 (762) 776 (3451) 
891.3 
(3964) - - - - 
35 (889) 786 (3496) - - - - - 
40 (1016) 811* (3607) 
853.6 
(3797) 
834 
(3709) 
880.9 
(3700) 
1004  
(4466) 
1052 
(4679) 
 
5.6.2 Effect of Development Length 
The available development length provided did affect the behavior of the beams for all the 
different development and beam types. The failure loads for all the beams versus overhang 
length are shown in Figure 5-8.  
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Figure 5-8: Failure load versus overhang length 
 
The two types of development reliant on the internal development of the reinforcement 
(Re-S and Re-H) increase in capacity as they approach their estimated development 
lengths:  18 inches (457 mm) for hooked bar and 40 inches (1016 mm) for straight bars. 
The maximum capacity for these beams came when the overhang length provided exactly 
the needed development. The capacity decreased slightly in the hooked beam at longer 
overhang lengths. This was thought to have occurred due to the self-weight of the 
cantilevered overhang introducing additional tensile stress in the node. 
The rectangular beams with internal reinforcement welded to external plates (Re-EP) did 
not see a substantial change in capacity as the overhang length was varied. There was a 
slight increase in capacity when going from an overhang length of 0 inches (0 mm) to 9.5 
inches (241 mm). This was likely a result of the 9.5-inch (241-mm) overhang length 
moving some of the tensile stresses from development outside of the nodal zone.  
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The truss-like beams (Tr-EP and Tr-ExU) both experienced a dramatic change in capacity 
based on the overhang length. A proposed reason for the truss-like beams being more 
affected by overhang length than the rectangular beams is discussed in detail in a later 
section. The beams with internal, bonded reinforcement (Tr-EP) had an increased capacity 
as the overhang length was increased. Like Re-EP, this is likely a result of larger overhang 
lengths moving tensile stresses associated with bar development outside of the nodal zone. 
The truss-like beams with the external, unbonded reinforcement (Tr-ExU) had a decreased 
capacity with longer overhang lengths. This is likely a result of smaller overhang lengths 
allowing for increased benefits due to the confinement of the external plate.  
 
5.6.3 Effect of Type of Development 
The type of development used to develop the reinforcement did not have a significant 
impact on the ultimate capacity of the rectangular beams; the failure loads for beams with 
sufficient overhang length (highlighted in Table 5-6) were within about 10-percent of each 
other. The load versus deflection curves for these beams are shown in Figure 5-9. All the 
beams had the same stiffness prior to first cracking. After cracking, the stiffness varied in 
the beams with: Re-S-40 having the softest response, Re-H-18 and Re-EP-0 having similar 
stiffnesses, and Re-ExU-0 having the stiffest response.  
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Figure 5-9:  Load versus deflection curves for rectangular beams with fully developed 
longitudinal reinforcement 
 
As discussed above, the presence of bonded reinforcement introduces tensile stresses in the 
support node region as the reinforcing bars develop. The location and effect of these tensile 
stresses can be most clearly seen in the truss-like beams. The vertical stresses and crack 
pattern for truss-like beams with internal bonded and external unbonded reinforcement (Tr-
EP-0 and Tr-ExU-0, respectively) at 20-percent of the failure load, 50-percent of the failure 
load, and at the failure load are shown in Figure 5-10. The tensile stress introduced by the 
bonded reinforcement causes cracking in the leg of the truss-like beam, shown in Figure 
5-10 (c) compared with the compression stress of Figure 5-10 (d) with external unbonded 
reinforcement. Note that the tensile stresses introduced by reinforcing bar development are 
at a different location in these beams than diagonal tension introduced by beam bending, 
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so the effects are not additive. This supports the idea presented elsewhere [12] that there 
can be a separate diagonal tension stress check separate from STM nodal stress checks. 
 
Figure 5-10: FE model for (a) Tr-EP-0 at 20 percent of Pmax, (b) Tr-ExU-0 at 20 percent of Pmax 
(c) Tr-EP-0 at 50 percent of Pmax, (d) Tr-ExU-0 at 50 percent of Pmax, (e) Tr-EP-0 after failure and 
(f) Tr-ExU-0 after failure 
5.6.4 Effect of Beam Type 
Rectangular and truss-like beams were modeled to better understand the effect of the beam 
type on behavior and strength. Beam type has a large effect on the general beam behavior 
and on the way development length and type of development impacts the behavior.  
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The failure loads for rectangular and truss-like beams with no overhang and an external 
plate welded to either internal or external reinforcement are shown in Figure 5-11. The 
failure loads for the truss-like beam with external, unbonded reinforcement (Tr-ExU-0) 
was about 40-percent higher than the rectangular beams. The truss-like beam with internal, 
bonded reinforcement welded to the steel plate (Tr-EP-0) had a similar capacity to the 
rectangular beams. This shows how the tensile stresses caused by the bonded reinforcement 
developing in the nodal zone can decrease the strength.   
 
Figure 5-11: Summary of the numerical failure loads versus specimens 
 
As previously introduced, the beam type will also impact the way that available 
development length and development type impact the behavior and ultimate strength. The 
rectangular beam already had diagonal tensile stress introduced by beam bending that will 
decrease the capacity. Additional tensile stress introduced by development in the nodal 
zone did not change the behavior. This would suggest that the diagonal tensile stress from 
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beam bending is impacting the beam at a different location than the tensile stress from 
development in the support node. This is consistent with previous observations on the 
failure of similar beams through experimental testing [10]. Because there are no diagonal 
tensile stresses impacting the behavior of the truss-like beams, introducing tensile stress in 
the support nodes does impact the behavior of the truss-like beams. Having external, 
unbonded reinforcement with a plate welded on the end allowed for the node to have 
compression on three faces and gain confinement benefits. Internal, bonded reinforcement 
introduced tension in the support node and decreased capacity. This is described in more 
detail in the following section. 
5.6.5 Effect of Strut Angle 
The effect of strut angle was investigated for the rectangular and truss-like specimens with 
plates welded to the reinforcement. The normalized strut stress at failure for these 
specimens are shown in Figure 5-12 organized by beam type. A discussion on 
normalization can be found in Rezaei et al. [10].  
The strut angle had the most dramatic effect for the rectangular beams (Re-EP and Re-
ExU), where a smaller strut angle corresponds to lower capacities. The truss-like beam 
with bonded reinforcement and a 30-degree strut angle had a lower capacity than steeper 
angles, due to the reinforcement having more contact with the concrete than specimens 
with steeper angles. Strut angle did not have a significant impact on the truss-like beam 
with external, unbonded reinforcement (Tr-ExU). The failure in these beams was in the 
node under the loading plate, which may be the reason why they were not as affected by 
varying strut angles.  
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Figure 5-12: Normalized strut stress versus series 
 
5.7 Summary and Conclusions 
This paper investigated the effect of specimen shape (rectangular and truss-like), 
development type (straight, hooked, external unbonded, and internal bonded bars), 
overhang length (0 inches [0 mm] and 9.5 inches [241 mm], 18 inches [457 mm], and 
40 inches [1,016 mm]), and strut angle (30, 45, and 60 degrees) on the behavior of 
concrete deep beams. Crack patterns, load-deflection behavior, and ultimate loads from 
large-scale experimental tests were used to validate the results from numerical analysis. 
Then numerical models were developed and analyzed to investigate the 
abovementioned parameters. Several observations and conclusions can be made based 
on the results from the numerical study: 
• Overhang length: Insufficient available development length led to 
development failure and lower ultimate capacities, as would be expected. 
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Additionally, beams had a higher capacity when the region where internal, 
bonded reinforcement was developing was shifted away from the support 
nodes, i.e. with longer overhang lengths. This shows how tension stresses 
caused by reinforcement development can decrease the strength of nodes 
(as is handled by difference in node type in most design codes) and how 
this effect can be mitigated by moving the region of development away 
from the nodal zone. 
• Development type (rectangular beams): The type of development used 
to develop the reinforcement did not have a significant impact on the 
ultimate capacity of the rectangular beams; the failure loads for beams 
with sufficient overhang were within about 10-percent of each other. The 
type of development did impact the member stiffness, with unbonded 
reinforcement resulting in a stiffer post-cracking response of the 
specimens.  
• Development type (truss-like beams):  The type of reinforcement 
development (internal bonded versus external unbonded) did significantly 
impact the ultimate capacity of the truss-like beams, with the internally 
bonded specimens having a 26-percent lower capacity than externally 
unbonded. 
• Strut type: The strength of the truss-like specimen with external, 
unbonded reinforcement with zero for overhang length (Tr-ExU-0) was 
about 40-percent higher than the rectangular beams (bonded and 
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unbonded reinforcement). This point also discussed in more detail 
elsewhere [10]. 
• Strut angle: The strut angle had a large effect on the strength of 
rectangular beams, with larger strut angles having higher capacity. The 
strut angle did not have consistent affect on the truss-like specimens 
though. 
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5.9 Appendix A 
The following symbols are used in the paper: 
fc′ = specified compressive strength of concrete, psi. 
ℓ1      = span length, in. 
ℓ2      = overhang length, in. 
h
        
= back face height, in. 
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Chapter 6:  Shear in Discontinuity Regionsa 
*Gary J. Kleinb, Nazanin Rezaeic, David Garberd, and A. Koray Tureyene 
6.1 Abstract 
Since its introduction into the ACI 318 code in 2002 [2], the strut-and-tie method has been 
based on the premise that strength is sufficient if the idealized truss model is in equilibrium 
with the applied load without exceeding the capacity of struts, ties, and nodes. However, 
in spite of low strut efficiency factors for so-called bottle-shaped struts, the strut-and-tie 
method can be unconservative. Struts are not weaker because they are bottle-shaped; rather, 
the apparent weakness is due to shear failure where struts cross a diagonal tension field. 
Accordingly, discontinuity regions designed using the strut-and-tie method should be 
separately checked for shear strength as dictated by the strength of the diagonal tension 
field. This paper describes the development of design equations for shear strength of 
discontinuity regions. The design equations consider the effect on strength of shear span, 
depth, and lightweight concrete. This design procedure is under consideration for adoption 
in ACI 318-19. 
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6.2 Introduction 
The strut-and-tie method was introduced into Building Code Requirements for Structural 
Concrete (ACI 318) in 2002, although its origins date to the end of the 19th century [2]. 
The ACI 318-02 version of the strut-and-tie method is largely based on a 1987 report by 
Schlaich et al. [14], which describes procedures for designing structural elements using a 
system of struts and ties connected at nodes. The method is primarily intended for regions 
of the structure where the stress flow is influenced by concentrated loads, corners, 
openings, or other discontinuities. Such regions are referred to as discontinuity regions or 
D-regions. Strain distribution in D-regions is highly nonlinear, and the assumption of plane 
sections remaining plane does not apply. The strut-and-tie method is especially useful in 
D-regions because it allows for designing and detailing of the concrete section and 
reinforcement in accordance with a clearly visualized force field that is in static 
equilibrium, rather than relying on past practices or restrictive empirical guidelines. 
However, as will be explained in this paper, there are several concerns and inconsistencies 
in the current Code (ACI 318-14 [3]) related to shear strength in D-regions: 
• Interior struts (struts not located along an outer edge of a D-region) are not 
weaker than edge struts because they are “bottle-shaped;” rather, the apparent 
weakness arises because interior struts cross a diagonal tension field. 
• The strut efficiency factor, T%, for interior struts is unconservative because D-
regions can fail in shear, which is not considered in the strut-and-tie method.  
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• The shear stress in deep beams is limited to 10 !. (;<8 units are used herein; 
1;<8  0.083√lZ). This limit does not apply to members or D-regions that 
do not “qualify” as deep beams, which is inconsistent at best. Furthermore, this 
limit is unnecessarily restrictive for D-regions with steeply inclined interior 
struts. 
• Size effect, %, is not considered. 
• The lightweight concrete factor, , is used as a multiplier on  ! rather than on 
 !, as it is elsewhere in the Code. 
This paper addresses these concerns and inconsistencies based on review of relevant 
literature, analysis of published test data, and an experimental program evaluating the 
influence of diagonal tension on the strength of struts. Code changes are proposed for ACI 
318-19 that require an independent check of shear strength based on the ratio of shear span 
to effective depth, m/. For purposes of this paper, “shear strength” and “shear failure” 
relate to failures initiated by diagonal cracking and not strut compression or bearing failure. 
The proposed changes are compatible with proposals for new one-way shear equations [61] 
. Size effect and the lightweight concrete factor are incorporated in the proposed changes.  
6.3 Strength of Struts 
6.3.1 Bottle-shaped Struts  
ACI 318-14 specifies a strut efficiency factor, T%, of 0.6 for unreinforced bottle-shaped 
struts and 0.75 for reinforced bottle-shaped struts. Bottle-shaped struts are located in a 
region where the width of the compressed concrete at mid-length of the strut can spread 
laterally. However, research and testing by Laughery and Pujol [9] shows that bottle-
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shaped struts are no weaker than prismatic struts. Referring to Figure 1, prismatic (a) and 
two-dimensional bottle-shaped struts (b) exhibited approximately equal strength, both 
averaging about 0.85 !, which is equivalent to a T% of 1.0. Prismatic and two-dimensional 
bottle-shaped struts were less than half as strong as three-dimensional bottle-shaped struts 
(Figure 6-1(c)). 
 
Figure 6-1: Illustrations of (a) rectangular prismatic strut, (b) 2-D rectangular bottle strut, and (c) 
3-D rectangular bottle strut. After Laughery and Pujol 
 
In an element like that shown in Figure 6-1(b), stresses spread laterally between the 
concentrated load or reaction areas and mid-length of the strut without the presence of a 
diagonal tension field. However, in deep beams and other D-regions, the stress flow is 
much more complex, as illustrated in Figure 6-2. Struts between the load and reaction cross 
through a field of diagonal tension and the stress flow is not bottle-shaped.  
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Figure 6-2: Example of stress flow in a deep beam 
 
These observations suggest that strength of deep beams and other D-regions is most often 
limited by diagonal tension rather than strut crushing. ACI 318-14 and the associated 
commentary are misleading in that they incorrectly attribute lower T%  values to bottle-
shaped stress flow. For this reason, struts that extend diagonally through the interior of D-
regions are referred to herein as interior struts rather than bottle-shaped struts. Struts that 
carry compressive force along an edge of D-region are referred to as edge struts.  
6.3.2 Strut Strength Coefficients  
Reineck and Todisco [62] evaluated the strut strength coefficients, T% , in ACI 318-14 
relative to test data in the ACI-DAfStb Database [63] for members without transverse 
reinforcement. Tested shear strength, c#$%# , was compared to the strength calculated in 
accordance with the strut-and-tie method in ACI 318-14, c eo . Several test values were 
much less than predicted by ACI 318-14 methods throughout the full range of m/ 
considered. Based on these findings, Reineck and Todisco recommended that T%  be 
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reduced from 0.6 to 0.42.  
The findings are shown in Figure 6-3 as a plot of  c#$%# c eo ⁄  versus  !. In this plot, the 
calculated shear strength was based on Reineck and Todisco Alternative 3 in which the 
depth of the compression zone, ', was calculated for the load at shear failure. The trendline 
indicates that c#$%# c eo ⁄  decreases with increasing  !. For the higher concrete strengths, 
the trendline closely follows 100 !  !q 	 (the solid grey line), which is the expected 
trendline for failures that are proportional to  ! rather than  !.  
 
Figure 6-3:  Vtest / Vcalc versus f’c  (Vcalc in accordance with the strut-and-tie method in ACI 318-
14) 
 
This observation strongly indicates that most failures in the Joint ACI-DAfStb database are 
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due to diagonal tension (which varies with  !) rather than strut crushing. This finding is 
consistent with the failure descriptions in the database and research papers from which the 
database was developed. 
6.3.3 Experimental Study 
An experimental study was conducted at Florida International University (FIU) to 
investigate the behavior of struts in deep beams. The full experimental study involved the 
testing of ten full-scale specimens; the results from four of these specimens are discussed 
here. Two pairs of rectangular and truss-like specimens were tested using the set-up shown 
in Figure 6-4. The details of the four specimens are provided in Table 6-1.  
 
Table 6-1: Specimen details and test results 
 
Specimen 
Name 
Type 
Dimensions 
in./(mm) 
Strut 
Angle 
deg. 
rs!	
ksi 
(MPa) 
Failure 
Load kips 
(kN) 
tu Truss 
Rect. 
Ht. Length Thick. 
Re-30-Exx Rect. 
31.3 
(795) 
96 
(2438) 
12 
(305) 
30 
7.44 
(51.3) 
380 
(1960) 
0.43 
1.51 
Tr-30-Ex Truss 
31.3 
(795) 
96 
(2438) 
12 
(305) 
30 
7.37 
(50.8) 
575 
(2558) 
0.66 
Re-45-Ex Rect. 
48 
(1219) 
96 
(2438) 
12 
(305) 
45 
5.63 
(38.8) 
557 
(2478) 
0.58 
1.29 
Tr-45-Ex Truss 
48 
(1219) 
96 
(2438) 
12 
(305) 
45 
5.63 
(38.8) 
717 
(3189) 
0.74 
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All four specimens were 96 inches (2438 mm) long and 12 inches (304 mm) thick. 
Specimens were simply supported and flexurally reinforced with external high-strength 
threaded rods. The length and height of the bearings at each end was 8.5 inches (216 mm). 
External reinforcement was used to avoid disruption of the bottom nodal region due to 
reinforcement development. 
 
Figure 6-4: Schematic of test setup and specimen with supports (truss-like specimen shown) 
 
The first pair consisted of a rectangular and truss-like specimen with identical overall 
dimensions and concrete compressive strengths of approximately 7.4 ksi (51 MPa). The 
31.3-inch (795-mm) height of the specimens was selected such that the strut angle was 30 
degrees from horizontal. The shape of the truss-like specimens (see Figure 6-4) precludes 
development of diagonal tension across the strut. As such, comparison of the truss-like 
specimens to their rectangular counterparts allows for evaluation of the effect of diagonal 
tension on strut strength. The second pair differed from the first pair in two respects: 1) the 
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height was increased to 48 inches (1219 mm) such that the strut angle was 45 degrees, and 
2) the concrete compressive strength was 5.6 ksi (39 MPa).  
Loads were measured using calibrated load cells, vertical displacement at midspan and 
horizontal displacement at supports were measured using linear potentiometers, and strain 
parallel and perpendicular to the strut axis was measured using surface-mounted vibrating 
wire gages.  
The specimens were tested to failure. The rectangular specimens failed in diagonal tension, 
while the truss-like specimens failed primarily by crushing of the concrete. All specimens 
failed suddenly and violently. The cracking pattern for specimen Re-45-Ex is shown in 
Figure 6-5. At approximately 10 percent of the failure load, a flexural crack developed near 
midspan (dashed gray line). This crack grew in width and progressed toward the 
compression block as additional load was applied. The instant of failure captured from 
slow-motion video is shown in the inset image. The primary failure crack (red line) appears 
to initiate at the curved green arrow. Additional secondary cracks developed due to restraint 
at the load and reaction areas as the upper corner of the specimen rotated away about the 
support. The estimated pattern of secondary cracks is illustrated in gray lines in Figure 6-5. 
The other rectangular beam specimen, Re-30-Ex, failed in a similar fashion.  
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Figure 6-5: Failure crack pattern and image of instant of failure: Specimen Re-45-Ex 
 
The truss-like specimens failed primarily by crushing of the concrete just below the load 
area. As load was applied, the struts shortened and the reaction points separated, adding 
bending stress to the strut compressive stress. Therefore, the strut strength factors, T% , for 
the truss-like specimens were less than 1.0 by approximately 25 percent. 
The truss-like specimens for the 30 degree and 45 degree strut angle were approximately 
50 and 30 percent stronger than their rectangular counterparts, respectively.  As discussed 
by Van den Hoogen [28], Beeby observed a similar difference between a rectangular 
specimen and an identical specimen except for a triangular cut-out at the bottom of the 
specimen. In light of the Laughery and Pujol [9] findings previously discussed, the reduced 
strength of rectangular specimens appears to be due to diagonal tension rather than a bottle-
shaped stress field.  
6.4 Shear Strength of D-Regions  
The research described above indicates D-regions can fail in shear before the strut crushes. 
This section explores the factors that influence shear strength of D-regions. 
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6.4.1 Shear Span 
Consider the full-story transfer girder illustrated in Figure 6-6 and the shear stresses along 
line a-a. Such a girder might be used at an offset in the column grid. The shear force is 
carried by a direct strut between the bottom of the top column and top of the bottom 
column. In taller buildings, shear stresses can substantially exceed the 10  ! limit in ACI 
318-14.  
 
Figure 6-6:  Transfer girder at an offset in the column grid 
 
Zsutty [64] reported on the inverse relationship between shear strength and m/ ratio. He 
recommended a multiplier of 2.5/vm/) to account for the effect of shear span. This 
expression times 2 !	H gives the following expression for shear strength of D-regions: 
c  5 !	H	vm ⁄ )  Equation 6-1 
Figure 6-7 is a plot of shear stress at failure vs m/. The data are from the Joint ACI-
DAfStb Database [63, p.] for members without transverse reinforcement m/ ratios of 2.0 
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or less. At very low m/ ratios, the shear strength substantially exceeds the current 10 
 ! limit. The shallowest allowable strut angle of 25 degrees corresponds to an m/ ratio 
of about 2 and a shear stress limit of 2.5 !. The gray line shows the shear stress given by 
expressed in terms of  !. All data points are near or above the line, indicating that 
Equation 6-1 provides a conservative lower bound to the shear strength of D-regions in the 
Joint ACI-DAfStb database, even if strut crushing controlled.  
 
Figure 6-7:  Shear stress vc vs ratio of shear span to effective depth, av /d 
 
6.4.2 Size Effect and Lightweight Concrete Factors 
Equation 6-1 does not consider reductions in shear strength due to size effect or reduced 
mechanical properties of lightweight concrete, although both of these factors would be 
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expected to reduce shear strength as governed by diagonal tension. However, these factors 
are not especially important for the comparison shown in Figure 6-7 because the Joint ACI-
DAfStb Database primarily includes relatively small specimens fabricated with normal-
weight concrete.  
For more than a decade, Joint ACI-ASCE Committee 445 and ACI Subcommittee 318-E 
have recognized that size effect can significantly reduce the shear strength of deep 
members without transverse reinforcement, such as footings and thick one-way slabs. The 
sectional design equations for both one-way and two-way shear strength will include a size 
effect factor in 318-19. The size effect factor, %, under consideration at the time of writing 
is as follows:  
%  1.4 1 +  10⁄⁄  1.0 
where  is in inches (the metric equivalent is 1.4 1 +  254⁄⁄ , where  is in mm). 
Also, because the basis of the proposed design equation is diagonal tension, the lightweight 
concrete factor, , should be considered to account for the lower tensile-to-compressive 
strength ratio of lightweight concrete compared with normal-weight concrete.  
Including size effect and the reduced tensile-to-compressive strength properties of 
lightweight concrete, Equation 6-1 becomes: 
c  5% !	H	vm ⁄ )  Equation 6-2 
6.4.3 Reinforcement Ratio 
The data in Figure 6-7 are sorted by ranges of reinforcement ratio. As can be seen, for a 
given m/ ratio, shear stress at failure generally increases with increasing reinforcement 
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ratio. At the time of writing, the one-way shear design proposal being considered for ACI 
318-19 recognizes the relationship between reinforcement ratio and shear strength, as well 
as size effect and the lightweight concrete factor. For members without axial force, the 
following design equation is under consideration: 
c  8%vwH) _⁄  !	H 
Equation 6-3 
where wH = ratio of flexural tension reinforcement area to 	H, and  ! is the 
concrete compressive strength in psi.  
Combining Equation 6-3 with the	2.5/vm/) shear span modification factor 
recommended by Zsutty gives the following equation for shear strength of D-regions: 
 c  20%vwH) _⁄  !	Hv/)  Equation 6-4 
Tested shear strength for members without transverse reinforcement and m/ less than 
2.0 was compared to the shear strength calculated in accordance with Eq. 4. The tested 
shear strength exceeds the shear strength predicted by Equation 6-4 for all data, and 
Equation 6-4 appears to capture trends related to reinforcement ratio and m/ ratio. 
6.5 Conclusions and Recommendations 
6.5.1 Conclusions 
In conclusion, the research, data analysis, and experimental program described above have 
confirmed that interior struts are not weaker than edge struts because they are “bottle-
shaped.” Rather, where interior struts cross a diagonal tension field, the member generally 
fails by the development of a diagonal tension crack in the shear span rather than crushing 
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of the strut. This study also shows that shear strength of D-regions mainly depends on the 
m/ ratio.  
6.5.2 Recommendations 
Based on these findings, several changes to the ACI code are recommended. The primary 
change is to require a separate check of shear strength in D-regions using Equation 6-2, 
which considers m/ ratio as well as size effect and the lightweight concrete factor. 
Alternatively, shear strength can be based on Equation 6-4, which considers reinforcement 
ratio in addition to the factors considered by Equation 6-2. Both equations provide a 
conservative lower bound to the diagonal tension strength of the section while allowing 
shear stresses that exceed the current limit of 10 ! for members with very low m/ 
ratios, like the transfer girder shown in Figure 6-6.  
If the shear force in the discontinuity region is resisted by transverse reinforcement, 
m/  in Equation 6-2 or Equation 6-4 can be replaced with cot J, where θ is the angle 
between the strut and longitudinal tie. Because the ACI 318 requires the angle between the 
axes of any strut and tie (the transverse reinforcement in this case) be at least 25 degrees, 
θ cannot exceed 65 degrees and the allowable shear stress in D-regions with transverse 
reinforcement is in effect limited to about 10% !. 
Although Equation 6-2 and Equation 6-4 are conservative relative to the Joint ACI-DAfStb 
Database, strut strength should be evaluated to avoid compression failures in areas of 
concentrated loads and reactions. However, a strut strength factor,	T%, of 0.75 (the current 
value for reinforced struts) can be used for typical interior struts. Equation 6-2 or Equation 
6-4 account for the effects of a tension stress field across interior struts; therefore, the 0.6 
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T% limit for bottle-shaped struts need not be used. Additionally, the strut-and-tie method 
should still be used to check tie strength and development.  
These design recommendations resolve the issues listed in the introduction.  Additionally, 
the recommendations should lead to more economical design of deep footings and thick 
slabs because the beneficial effect of low m/ ratios counteracts size effect. The sectional 
design provisions of ACI 318-19 will require consideration of size effect in deep members 
without transverse reinforcement. These recommendations do not apply to shear stress 
limits for beam-column joints, which are addressed separately in Chapter 18 of ACI 318. 
At the time of writing, these changes have been approved by ACI Subcommittee 318-E 
and are being considered by the full committee. 
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Chapter 7: Summary, Conclusions, and Recommendations 
This chapter includes a summary of the main conclusions of this dissertation and 
recommendations for future work.  
7.1 Summary and Conclusions 
The overall goal of the work presented in this dissertation was to investigate the behavior 
of struts and nodes in the strut-and-tie method (STM). The thought of current code 
provisions is that there are two types of struts (bottle-shaped and prismatic), and that these 
types of struts behave differently. Recent research has shown that there is no difference in 
the behavior of these types of struts when they are vertically oriented. There is an apparent 
difference in strength when the struts are placed at an angle, and the angle of the strut does 
affect the strength.  
This research aimed at better understanding the reason vertically oriented struts behave 
differently than inclined struts. The primary work consisted of three main components: (1) 
experimental testing, (2) numerical study, and (3) design recommendations. 
7.1.1 Experimental Testing   
The experimental phase included six full-scale concrete deep beams with different 
geometries (rectangular and truss-like), strut angle (30o and 45o), and reinforcement 
(externally unbonded bars, internally bonded hooked bars, and internally bonded bars with 
welded external plates). The specimens were loaded under a three-point load setup and 
supported with pin-pin supports, vertically. Failure load, deflection, and strains were 
measured, and failure modes were observed and documented during testing. The capacity 
of the specimens was calculated based on ACI 318-14 [3] and AASHTO LRFD [19] and 
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compared to the experimental capacity. Several conclusions can be made based on the 
results of the experimental testing: 
1. Truss-like specimens failed at higher loads than rectangular specimens (with 
similar angles):  The truss-like specimens clearly failed due to crushing of the 
concrete in the node under the load point. Failure of the rectangular specimens was 
clearly triggered by the top corner of the specimens breaking off (caused by 
diagonal tension from bending) followed by failure of the support node. 
2. Strut with shallower angle was weaker than steeper angle:  The 45-degree truss 
specimen was 12-percent stronger than the 30-degree truss specimen. The 45-
degree rectangular specimen was 4-percent stronger than the 30-degree specimen. 
This was confirmed in the rectangular beams in the numerical study. 
The experimental results were then used to calibrate the numerical models. 
7.1.2 Numerical Study   
The second phase consisted of a numerical study of concrete deep beams using a non-linear 
finite element software to investigate the capacity and behavior of a larger variety of 
specimens. After validating numerical models with experimental results, 35 specimens 
were numerically modeled to expand the study of the behavior of struts. Specimen shape 
(rectangular and truss-like), reinforcement development type (straight, hooked, external 
unbonded, and internal bonded bars), overhang length (0 inches [0 mm] and 9.5 inches 
[241 mm], 18 inches [457 mm], and 40 inches [1,016 mm]), and strut angle (30, 45, and 
60 degrees) were the primary variables in the specimens. Several additional conclusions 
can be made based on the results of the numerical study: 
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3. Shifting reinforcement development away from node can increase capacity:  
Development of bonded reinforcement causes tension stresses to develop in the 
surrounding concrete. Developing reinforcement in the nodal zones was found to 
decrease the strength of the node. 
4. Internal, bonded reinforcement decreased strength of truss-like beams but not 
rectangular beam:  Truss-like beams with internally bonded reinforcement had 
26-percent lower capacity than externally unbonded beams. The strength of the 
rectangular beams was not heavily impacted by the type of reinforcement. This 
shows that the bonded reinforcement does introduce tension in the nodal zone 
(decreasing the strength of the truss-like beams), but that the diagonal tension 
caused by bending in the rectangular beams still controls failure. These results 
suggest that the tension effect from development and diagonal tension from bending 
are not additive and separate design checks are appropriate (as were proposed in 
this work). 
7.1.3 Design Recommendations   
Based on the experimental investigation in this research and previous works, several 
changes were recommended to the ACI 318 Building Code. These changes are based on 
the following conclusions: 
5. Diagonal tension decreases strength of rectangular beams:  The observations 
from this research and previous studies confirm that rectangular beams fail at lower 
loads than truss-like beams not because bottle-shaped struts are weaker than 
prismatic struts, but because beam bending causes diagonal tension in the 
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rectangular beams. Because this tension occurs outside of nodal zones, a separate 
check (apart from typical node stress checks) is appropriate. 
6. Shear span-to-depth ratio has a significant effect on shear strength: The shear-
span-to-depth ratio (a/d) impacts the strut angle, which changes the influence the 
diagonal tension has on the strut behavior. This factor was included in the 
recommended equation. 
The following equation (Equation 7-1), is recommended to limit the shear strength of the 
member. This equation is an additional check to ensure the diagonal tension in a member 
does not control. This equation depends on the shear span-to-depth ratio, size effect, and 
the light weight concrete factor.   
c  5% !	H	vm ⁄ )  Equation 7-1 
where (defined in ACI 318-14 [3]): 
av = shear span, equal to distance from center of concentrated load to either:  (a) 
face of support for continuous or cantilevered members, or (b) center of 
support for simply supported members. 
bw = web width or diameter of a circular member 
d = distance from extreme compression fiber to centroid of longitudinal tension 
reinforcement 
f’c = specified compressive strength of concrete 
λ = modification factor to reflect the reduced mechanical properties of 
lightweight concrete relative to normalweight concrete of the same 
compressive strength 
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and where: 
λs = size effect factor  
For d in inches: %  1.4 1 +  10⁄⁄  1.0 Equation 7-2 
For d in mm: %  1.4 1 +  254⁄⁄  1.0 Equation 7-3 
An alternate equation (Equation 7-4) is also proposed to also consider the impact of 
reinforcement ratio on the shear strength. 
c  20%vwH) _⁄  !	Hvm ⁄ )  Equation 7-4 
 
7.2 Recommendations for Future Work 
The following items should be considered for future work: 
• Additional experimental tests should be done with additional strut angles to 
investigate the exact relationship of strut angle and ultimate capacity of the 
specimens. 
• All the specimens in this program did not have shear reinforcement. The impact of 
the presence of minimum shear reinforcement on the above observations should 
also be investigated. 
• Additional experimental testing should be done with different bonded and 
unbonded reinforcement to confirm the findings from the numerical efforts of this 
research. 
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Appendix A: Loading Setup Drawings and Details 
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Figure A-1:  Construction drawings for beams B-1 and B-2 
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Figure A-2:  Construction drawings for B-3, node beams, loading and support plates
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Appendix B:  Sample Calculations for Estimating the Specimen Strength using the 
Strut-and-Tie Method 
B.1 Overview 
This appendix provides sample calculations for one of the specimens (Re-45-Ex) tested in 
the experimental program, shown in Figure B-1. The estimated capacity is calculated using 
the strut-and-tie method (STM) as specified in ACI 318-14 (2014) and the 2016 AASHTO 
LRFD Bridge Design Specification (2016).  
 
Figure B-1:  Re-45-Ex specimen 
 
Beam Re-45-Ex was designed as a companion specimen to Tr-45-Ex to investigate the 
service and ultimate load behavior of unreinforced deep beams. The dimensions for Re-
45-Ex and the dimensions of the loading and support bearings are shown in Figure B-2. 
The shear-span-to-depth ratio (a/d) was equal to 1.0, which corresponds to a strut angle 
(θs) of 45 degrees. The beam was designed to be sufficiently large to adequately represent 
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the shear behavior of beams in practice and to have the desired failure mode. 
 
Figure B-2:  Dimensions for Re-45-Ex:  (a) elevation and (b) cross-section 
 
The material properties used to find the estimated capacity are shown in Table B.1. The 
concrete deep beams were designed with a specific concrete compressive strength (f’c) of 
4 ksi and a specified yield strength (fy) for the unbonded reinforcement 100 ksi. The 
concrete compressive strength measured on the day of testing was used in the calculations. 
Table B.1:  Material properties used in STM calculations 
 
Variable Value used in calculations 
f'c (measured) 5.63 ksi 
fy (specified) 100 ksi 
 
The load required to fail different components of a strut-and-tie model can be found using 
STM. These loads were compared with the actual failure load and failure mode to evaluate 
96"
48"


12"
(a) (b)
8.5"
  43.75"
8.5"
17"
(note bearings are same 
width as beam)
43.7
5"
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the conservatism of the design provisions. These comparisons are discussed in more detail 
in Chapter 4. 
B.2 Strut-and-Tie Model 
The first step in STM is to develop a suitable strut-and-tie model. The model for these 
beams involves a direct strut from load to support and a tension tie equilibrating the forces 
at the support points, as shown in Figure B-3.  
  
Figure B-3:  Strut-and-tie model used for Re-45-Ex 
 
The location of nodes C and D was based on the height of the rectangular stress block, 
shown in Equation B-1. These nodes are assumed to be located at the mid-height of the 
compression block.  
  0.85′ 
7.75	100	 0.855.63	 12"  13.5" Equation B-1 
The height of nodes A and B and the tension tie AB is located at mid-height of the back 
support plates. The distance between the top and bottom notes was then found to be: 
!  43.1° #
$ %
&' &
(
87.5"
37"
8.5"
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Distance between top 
and bottom nodes: ℎ − 2 − ℎ+2  48" − 13.5"2 − 8.5"2  37" 
The distance between nodes A and B is taken as the distance from center to center of the 
supports: 
Distance between 
Node A and Node B: 96" − 2 ,8.5"2 -  87.5" 
The distance between nodes C and D is found based on the load distribution of the load 
plate, as shown in Figure B-4.  
 
Figure B-4:  Distance between nodes C and D for Re-45-Ex 
 
The relationship between the element forces in all the struts and ties and the applied load 
(P) can be determined from this kinematic model. The forces in each element as a factor 
of P are shown in Table B.2. These forces were used to find estimated failure loads required 
to fail each element in the below calculations. This was used to determine the predicted 
failure modes in the following sections. 
(
( ./ ( ./
8.5"
17"
$ %
4.25"
$ %
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Table B.2:  Element forces for Re-45-Ex 
 
Element Element Force 
Strut AD 0.73P 
Strut BC 0.73P 
Strut CD 0.53P 
Tie AB 0.53P 
Bearing C and D 0.5P 
Bearing A and B 0.5P 
 
B.3 Overview of ACI 318-14 Provisions 
The capacity of the section was found using the above strut-and-tie model and the STM 
provisions from several different design codes and specifications.  
The ACI 318-14 Building Code (2014) has separate design checks for the strength of struts, 
ties, and nodes. The reduced design strength (ϕFns for struts, ϕFnn for nodes, and ϕFnt for 
ties) must be greater than the factored element force (Fus for struts, Fun for nodes, and Fut 
for ties) for struts, ties, and nodes, as shown in Equation B-2 through Equation B-4 from 
ACI 318-14 §23.3.1.  
012 ≥ 14 Equation B-2 
0125 ≥ 145 Equation B-3 
0122 ≥ 142 Equation B-4 
The strength of the struts and nodes is dependent on the area of concrete at the interface 
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between the struts and nodes (Acs for struts and Anz for nodes) and the effective concrete 
strength of the elements (fce). Relationships for these design strengths are shown in 
Equation B-5 through Equation B-8. 
12  6 Equation B-5 Eqn. (23.4.1a) 
6  0.857′ Equation B-6 Eqn. (23.4.3) 
122  628 Equation B-7 Eqn. (23.9.1) 
6  0.8572′ Equation B-8 Eqn. (23.9.2) 
 
The effective concrete strength (fce) for struts and nodes is dependent on the strut coefficient 
(βs) and node coefficient (βn), respectively, and the concrete compressive strength (f’c). The 
strut coefficient (βs) depends on the geometry and location of a strut. Relevant to this 
testing, struts with uniform cross-sectional areas along their length have a strut coefficient 
of 1.0, and struts located in regions where stresses can spread along the strut length without 
the minimum strut reinforcement have a strut coefficient of 0.6λ. The truss-like specimens 
have a uniform area along the length, so the strut coefficient is equal to 1.0. The rectangular 
specimens allow stress to spread along the strut length, so the strut coefficient is 0.6 (with 
λ equal to 1.0 for normal-weight concrete). 
The node coefficient (βn) depends on the number of ties that are anchored into the node. 
Relevant to this testing, the node coefficient is equal to 1.0 for nodes with no ties and 0.8 
for nodal zones anchoring one tie. The specimens with external unbonded reinforcement 
had no ties anchoring in the nodal zones, so the node coefficient was taken as 1.0. The 
specimens with internal bonded reinforcement had one tie anchoring in the nodal zone, so 
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the node coefficient was taken as 0.8.  
Ties must be designed to have sufficient reinforcement to resist the tension force found in 
the strut-and-tie model. The strength of non-prestressed ties can be found using Equation 
B-9, where Ats is the total area of the tie reinforcement. The ties were designed to not 
control the design of the specimens in this testing. 
125  5 Equation B-9 Modified Eqn. (23.7.2) 
 
These were some of the factors that were the focus of this testing program. There are 
several other resources with a more comprehensive explanation of the ACI 318-14 STM 
procedures [16],[17].  
 
B.4 Calculations for Re-45-Ex Using ACI 318-14 
This section includes the calculations to determine the capacity of each of the components 
of the strut-and-tie model. The components that were checked include: 
1. Node A and B:  compression capacity of back face, bearing face, and strut-to-node 
interface 
2. Node C and D:  compression capacity of back face, bearing face, and strut-to-node 
interface 
3. Tie AB:  sufficient reinforcement provided so tension tie did not control 
All the nodes in this member were CCC nodes, so the effective concrete strength could be 
calculated the same for all nodes. The bearing and back faces are only dependent on the 
node efficiency factor (βn). The strut-to-node interface requires checking the capacity of 
both the strut and the node. Since the strut will have its minimum area at the strut-to-node 
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interface, the strength of both strut and node can be checked by taking the minimum of the 
node and strut efficiency factors. In this case, the strut efficiency factor (βs) is less than the 
node efficiency factor. For the truss-like beams, the node efficiency factor will control. 
For nodal bounded by struts, bearing areas, or both (i.e. CCC nodes): 72  1.0 
For bearing face: 6,:  0.8572′  0.851.0′  0.85′ (“b” = bearing) 
For back face:  6,+  0.8572′  0.851.0′  0.85′ (“k” = back face) 
For struts located in regions of members where the width of strut at 
midlength is greater than at ends and without minimum reinforcement: 7  0.6; 
For strut-to-node 
interface: 6,  <=0.857′ , 0.8572′> (“s” = strut-to-node interface) 
 
6,  <=0.850.6;′ , 0.851.0′>  
Where λ = 1.0 for normal 
weight concrete 6,  0.850.6′  0.51′  
These effective concrete strengths are used for all the following calculations. 
Note that no strength reduction factors were used in this example. The goal was to compare 
the estimated capacity with the actual capacity. The estimated capacity does not include 
the strength reduction factor. 
B.4.1 Load Node (Nodes C and D) 
The nodes located under the loading plate are both CCC nodes, as shown in Figure B-5. 
The capacity of nodes C and D are equal since they have the same geometry, materials, 
and demand.  
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Figure B-5: Nodes under the load plate (Nodes C and D) 
 
Calculations are provided for determining the capacity of the bearing face, back face, and 
strut-to-node interface for Node D. 
B.4.1.1 Bearing Face  
The bearing face of Node D is the surface where the load was applied. Because the load 
equally distributes to Strut AD and BC, the length of the bearing face is half of the overall 
length of the load plate, as shown in Figure B-4.  
 ?:  17" 2/  8.5"  
The bearing area can then be found by taking this length times the width of the bearing, 
which in this case was equal to the beam width. 
Bearing area: 28,:  ?:  12	. 8.5	.   102	  
This area can then be used with the effective concrete strength to find the capacity of the 
bearing face of Node D. 
C
C
C
C
C
(
C
CD
Bearing Face Bearing Face
Back Face Back Face
Strut-to-Node 
Interface
Strut-to-Node 
Interface
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Effective concrete strength: 6,:  0.8572′  
 72  1.0 for bearing face in CCC node  
Measured compressive strength: ′  5.63	   
 
6,:  0.851.05.63	  	 	4.79	   
Capacity: 122,:  6,:28,:  4.79	 102	  488.6	@  
The load required to fail the bearing face of Node D could then be found based on the 
element forces from Table B.2. 
Demand: 142,:  0.5A  
The load required to fail the bearing face of Node D is then found by setting the demand 
equal to the capacity and solving for P. 
 
122,:  142,:  0.5A  
Load required to fail 
bearing face of Node D: A22,:  122,:0.5  488.6	0.5  977.2	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.1.2 Back Face 
The back face of Node D is the portion of the node bordering Node C, as shown in Figure 
B-5. The height of the back face is equal to the depth of the compression block (a) found 
above: 
 ℎ+B    0.85′ 
7.75	100	 0.855.63	 12"  13.5" “l” is for load node 
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This height is multiplied by the width of the bearing, which in this case is equal to the beam 
width. 
Back face area: 28,+  ℎ+B  12	. 13.5	.   161.9	 
The area can then be used with the effective concrete strength to find the capacity of the 
back face of Node D. 
Effective concrete strength: 6,+  0.8572′  
 72  1.0 for back face in CCC node  
Measured compressive strength: ′  5.63	   
 
6,+  0.851.05.63	  	 	4.79	   
Capacity: 122,+  6,+28,+  4.79	 161.9	  775.2	@  
The load required to fail the back face of Node D can then be found similar to above. 
Demand: 142,+  0.53A  
 
122,+  142,+  0.53A  
Load required to fail back 
face of Node D: A22,+  122,+0.53  775.2	0.53  1,463	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.1.3 Strut to Node Interface 
Strut-to-node interface is the face of the node that connects the node to the strut, shown in 
Figure B-5. The length of the strut-to-node interface (ws) depends on the bearing length 
(lb), back face height (hk), and the strut angle (θs).  
 CB  ?: sin ! +	ℎ+B cos !  
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 CB  8.5" sin43.1° +	13.5" cos43.1°  15.7" 
The strut-to-node interface area can then be found by taking this length times the width of 
the bearing, which in this case is equal to the beam width. 
Strut to node 
interface area: 28,B  CB  12	. 15.7	.   187.9	 
This area can then be used with the effective concrete strength to find the capacity of the 
strut-to-node interface of Node D.  
Effective concrete strength: 6,  0.8572′  
 72  0.6 for strut to node interface in CCC node 
Measured compressive strength: ′  5.63	   
 
6,  0.850.65.63	  	 	2.87	   
Capacity: 122,  6,28,B  2.87	 187.9	  539.8	@  
The load required to fail the strut-to-node interface of Node D can then be found similar to 
above. 
Demand: 142,  0.73A  
 
122,  142,  0.73A  
Load required to fail strut-
to-node interface of Node D: A22,  122,0.73  539.8	0.73  739.5	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.2 Reaction Nodes 
The nodes above the reactions are both CCC nodes, as shown in Figure B-6 (a). The 
capacity of nodes A and B are equal since they have the same geometry, materials, and 
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demand.   
 
Figure B-6: Reaction node (Nodes A and B):  (a) faces and (b) dimensions 
 
Calculations are provided for determining the capacity of the bearing face, back face, and 
strut-to-node interface for Node A. 
B.4.2.1 Bearing Face 
The bearing face of Node A is the surface where the reaction plate is located. The length 
of the bearing was chosen as 8.5 inches for the design, shown in Figure B-6 (b). 
 ?:  8.5”  
The bearing area can then be found by taking this length times the width of the bearing, 
which in this case was equal to the beam width. 
Bearing area: 28,:  ?:  12	. 8.5	.   102	  
This area can then be used with the effective concrete strength to find the capacity of the 
bearing face of Node A. 
Effective concrete strength: 6,:  0.8572′  
 72  1.0 for bearing face in CCC node  
Measured compressive strength: ′  5.63	   
C
C
C
A
Bearing Face
Back Face
Strut-to-Node 
Interface
?:  8.5"
Aℎ +
8.5"
C  ? sin ! +	ℎ? cos! 
(a) (b)
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6,:  0.851.05.63	  	 	4.79	   
Capacity: 122,:  6,:28,:  4.79	 102	  488.6	@  
The load required to fail the bearing face of Node A can then be found similar to above. 
Demand: 142,:  0.5A  
 
122,:  142,:  0.5A  
Load required to fail 
bearing face of Node A: A22,:  122,:0.5  488.6	0.5  977.2	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.2.2 Back Face 
The height of the back face in reaction nodes is typically equal to twice of the distance 
from the tension surface of the beam to the centroid of the tension steel. Unbonded 
reinforcement attached to a node beam and plate was used in this specimen, so the height 
of the back face was taken as the same as the height of the node plate, 8.5 inches.  
 ℎ+K  8.5" “r” is for reaction node 
This height is multiplied by the width of the bearing, which in this case is equal to the beam 
width, to find the area. 
Back face area: 28,+  ℎ+K  12	. 8.5	.   102	 
The area can then be used with the effective concrete strength to find the capacity of the 
back face of Node A. 
Effective concrete strength: 6,+  0.8572′  
 72  1.0 for back face in CCC node  
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Measured compressive strength: ′  5.63	   
 
6,+  0.851.05.63	  	 	4.79	   
Capacity: 122,+  6,+28,+  4.79	 102	  488.4	@  
The load required to fail the back face of Node A can then be found similar to above. 
Demand: 142,+  0.53A  
 
122,+  142,+  0.53A  
Load required to fail back 
face of Node A: A22,+  122,+0.53  488.4	0.53  921.5	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.2.3 Strut-to-Node Interface 
Strut-to-node interface is the face of the node that connects the node to the strut, shown in 
Figure B-6. The length of the strut-to-node interface (ws) depends on the bearing length 
(lb), back face height (hk), and the strut angle (θs).  
 
C,K  ?: sin ! +	ℎ+ cos ! “r” is for reaction node 
 
C,K  8.5" sin43.1° +	8.5" cos43.1°  12.0" 
The strut-to-node interface area can then be found by taking this length times the width of 
the bearing, which in this case is equal to the beam width. 
Strut to node 
interface area: 28,K  C  12	. 12.0	.   144.2	 
This area can then be used with the effective concrete strength to find the capacity of the 
strut-to-node interface of Node A.  
Effective concrete strength: 6,  0.8572′  
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 72  0.6 for strut to node interface in CCC node 
Measured compressive strength: ′  5.63	   
 
6,  0.850.65.63	  	 	2.87	   
Capacity: 122,  6,28,K  2.87	 144.2	  414.2	@  
The load required to fail the strut-to-node interface of Node D can then be found similar to 
above. 
Demand: 142,  0.73A  
 
122,  142,  0.73A  
Load required to fail strut-
to-node interface of Node A: A22,  122,0.73  414.2	0.73  567.7	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.3 Tension Steel  
Eight 1.25-inch diameter threaded rods were provided to resist tension forces in Tie AB. 
The total area of steel provided and yield strength of the steel were: 
 5  80.969	  7.75	  
 
  100	   
This gives a total tie capacity of: 
Capacity: 125  5  7.752	100	   775.2	@   
The load required to fail Tie AB can then be found similar to above. 
Demand: 145  0.53A  
156 
 
 125  145  0.53A  
Load required to fail strut-
to-node interface of Node D: A25  1250.53  775.2	0.53  1,463	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.4.4 Summary of Results 
The applied loads to cause failure in each different component of the strut-and-tie model 
are summarized in Table B.3. 
Table B.3:  Summary of loads required to cause failure in different componenet of strut-and-tie 
model 
 
Element Force to Cause Failure 
Load Node – Bearing Face 977 kips 
Load Node – Back Face 1,463 kips 
Load Node – Strut-to-Node Interface 740 kips 
Support Node – Bearing Face 977 kips 
Support Node – Back Face 922 kips 
Support Node – Strut-to-Node Interface 568 kips 
Tie AB 1,463 kips 
 
The minimum of these forces controls the design. The strut-to-node interface of the support 
node (Nodes A and B) has the minimum force (568 kips), which is the estimated capacity 
for specimen Re-45-Ex. The estimated capacity for the rest of the specimens in the 
experimental program are summarized in Table 4.3. 
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B.5 Overview of AASHTO LRFD 2016 Provisions 
AASHTO LRFD 2016 requires that the reduced design strength (ϕPn) be greater than the 
factored element force (Pr) for ties and node faces, as shown in Equation B-10. 
0A2 ≥ AK Equation B-10 Eqn. (5.8.2.3-1) 
Unlike ACI 318-14, AASHTO LRFD 2016 does not require the capacity of struts be 
checked, only the node faces, shown in Equation B-11. The node face capacity is dependent 
on the limiting compressive stress of the node face (fcu) and the effective cross-sectional 
area of the node face (Acn).  
A2  42 Equation B-11 Eqn. (5.8.2.5.1-1) 
The limiting compressive stress of the node face (fcu) depends on the type of node (CCC, 
CCT, or CTT), presence of minimum crack control reinforcement, the face where the 
nominal resistance is being found (bearing face, back face, or strut-to-node interface), the 
compressive strength of the concrete (f’c), and any confinement effects from surrounding 
concrete (accounted for through m), as shown in Equation B-12.  
4  <L′ Equation B-12 Eqn. (5.8.2.5.3a-1) 
Note that unlike ACI 318-14, AASHTO LRFD (2016) does not account for the effect of 
stresses being able to spread along the length of struts or not being able to in members 
with constant cross-sectional areas along the length of struts.  
Benefits from confinement are accounted for when the bearing area (A1) is smaller than 
the notional area (A2, defined in AASHTO) and uniform loading is applied by using 
Equation B-13.  
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<  M' ≤ 2.0 Equation B-13 Eqn. (5.6.5-3) 
The concrete efficiency factor (v) depends on the type of node (CCC, CCT, or CTT), the 
face where the nominal resistance is being found (bearing face, back face, or strut-to-node 
interface), the presence of minimum strut reinforcement, and the compressive strength of 
the concrete (f’c). For beams with minimum crack control reinforcement, the concrete 
efficiency factors (v) are summarized in Table B.4. 
Table B.4: Concrete efficiency factor (v), if minimum crack-control reinforcement is provided 
 
Node 
Type 
Face 
Bearing 
Face 
Back 
Face Strut-to-Node Interface  
CCC 0.85 0.85 0.45 ≤ 	0.85	 − O20  		≤ 		0.65 
CCT 0.7 0.7 0.45 ≤ 	0.85	 − O20  		≤ 		0.65 
CTT 0.45 ≤ 	0.85	 − O20  		≤ 		0.65 
 
For beams without minimum crack control reinforcement, the concrete efficiency factor 
(v) is equal to 0.45. 
B.6 Calculations for Re-45-Ex Using AASHTO LRFD 2016 
This section includes the calculations to determine the capacity of each of the components 
of the strut-and-tie model using the STM provisions in AASHTO LRFD 2016. As stated 
above, all the nodes in this member were CCC nodes and no minimum crack control 
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reinforcement was provided, so the effective concrete strength could be calculated the same 
for all nodes. The loading plate was the same width as the specimens, so no confinement 
benefits were achieved (m equals 1.0). 
Bearing width equal to beam width: <  1.0  
Beams without minimum crack 
control reinforcement: P  0.45  
For all faces: 4  <L′  1.00.45′  0.45′  
 
This effective concrete strength was used for all the following calculations. 
Note that no strength reduction factors were used in this example. The goal was to compare 
the estimated capacity with the actual capacity. The estimated capacity does not include 
the strength reduction factor. 
B.6.1 Load Node (Nodes C and D) 
The nodes located under the loading plate are both CCC nodes, as shown in Figure B-5. 
The capacity of nodes C and D are equal since the have the same geometry, materials, and 
demand. Calculations are provided for determining the capacity of the bearing face, back 
face, and strut-to-node interface for Node D. 
B.6.1.1 Bearing Face 
The bearing face of Node D is the surface where the load is applied. Because the load 
equally distributes to Strut AD and BC, the length of the bearing face is half of the overall 
length of the load plate, as shown in Figure B-5.  
 ?:  17" 2/  8.5"  
The bearing area can then be found by taking this length times the width of the bearing, 
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which in this case was equal to the beam width. 
Bearing area: 28,:  ?:  12	. 8.5	.   102	  
This area can then be used with the effective concrete strength (from above) to find the 
capacity of the bearing face of Node D. 
Effective concrete strength: 4  0.45′ (from above) 
Measured compressive strength: ′  5.63	   
 4  0.455.63	  	 	2.53	   
Capacity: 122,:  428,:  2.53	 102	  258.7	@  
The load required to fail the bearing face of Node D can then be found similar to above. 
Demand: 142,:  0.5A  
 
122,:  142,:  0.5A  
Load required to fail back 
face of Node D: A22,:  122,:0.5  258.7	0.5  517.4	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.6.1.2 Back Face 
The back face of Node D is the portion of the node bordering Node C, as shown in Figure 
B-5. The height of the back face is equal to the depth of the compression block (a) found 
above: 
 ℎ+B    0.85′ 
7.75	100	 0.855.63	 12"  13.5" “l” is for load node 
This height is multiplied by the width of the bearing, which in this case is equal to the beam 
width. 
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Back face area: 28,+  ℎ+B  12	. 13.5	.   161.9	 
The area can then be used with the effective concrete strength to find the capacity of the 
back face of Node D.  
Effective concrete strength: 4  0.45′ (from above) 
Measured compressive strength: ′  5.63	   
 4  0.455.63	  	 	2.53	   
Capacity: 122,+  428,+  2.53	 162	  410.4	@  
The load required to fail the back face of Node D can then be found similar to above. 
Demand: 142,+  0.53A  
 
122,+  142,+  0.53A  
Load required to fail back 
face of Node D: A22,+  122,+0.53  410.4	0.53  774.3	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.6.1.3 Strut-to-Node Interface 
Strut-to-node interface is the face of the node that connects the node to the strut, shown in 
Figure B-5. The length of the strut-to-node interface (ws) depends on the bearing length 
(lb), back face height (hk), and the strut angle (θs).  
 CB  ?: sin ! +	ℎ+B cos !  
 CB  8.5" sin43.1° +	13.5" cos43.1°  15.7" 
The strut-to-node interface area can then be found by taking this length times the width of 
the bearing, which in this case is equal to the beam width. 
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Strut to node 
interface area: 28,B  CB  12	. 15.7	.   187.9	 
This area can then be used with the effective concrete strength to find the capacity of the 
strut-to-node interface of Node D.   
Effective concrete strength: 4  0.45′ (from above) 
Measured compressive strength: ′  5.63	   
 4  0.455.63	  	 	2.53	   
Capacity: 122,  428,B  2.53	 187.9	  475.4	@  
 The load required to fail the strut-to-node interface of Node D can then be found similar 
to above. 
Demand: 142,  0.73A  
 
122,  142,  0.73A  
Load required to fail strut-
to-node interface of Node D: A22,  122,0.73  475.4	0.73  651.2	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity.  
B.6.2 Reaction Nodes (Nodes A and B) 
The nodes above the reactions are both CCC nodes, as shown in Figure B-6 (a). The 
capacity of nodes A and B are equal since they have the same geometry, materials, and 
demand.  Calculations are provided for determining the capacity of the bearing face, back 
face, and strut-to-node interface for Node A. 
B.6.2.1 Bearing Face 
The bearing face of Node A is the surface where the reaction plate is located. The length 
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of the bearing was chosen as 8.5 inches for the design, shown in Figure B-6 (b). 
 ?:  8.5”  
The bearing area can then be found by taking this length times the width of the bearing, 
which in this case was equal to the beam width. 
Bearing area: 28,:  ?:  12	. 8.5	.   102	  
This area can then be used with the effective concrete strength to find the capacity of the 
bearing face of Node A.  
Effective concrete strength: 4  0.45′ (from above) 
Measured compressive strength: ′  5.63	   
 4  0.455.63	  	 	2.53	   
Capacity: 122,:  428,:  2.53	 102	  258.7	@  
The load required to fail the bearing face of Node A can then be found similar to above. 
Demand: 142,:  0.5A  
 
122,:  142,:  0.5A  
Load required to fail 
bearing face of Node A: A22,:  122,:0.5  258.7	0.5  517.4	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.6.2.2 Back Face 
The height of the back face in reaction nodes is typically equal to twice of the distance 
from the tension surface of the beam to the centroid of the tension steel. Unbonded 
reinforcement attached to a node beam and plate was used in this specimen, so the height 
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of the back face was taken as the same as the height of the node plate, 8.5 inches.  
 ℎ+K  8.5" “r” is for reaction node 
This height is multiplied by the width of the bearing, which in this case is equal to the beam 
width, to find the area. 
Back face area: 28,+  ℎ+K  12	. 8.5	.   102	 
The area can then be used with the effective concrete strength to find the capacity of the 
back face of Node A.  
Effective concrete strength: 4  0.45′ (from above) 
Measured compressive strength: ′  5.63	   
 4  0.455.63	  	 	2.53	   
Capacity: 122,+  428,+  2.53	 102	  258.6	@  
The load required to fail the back face of Node A can then be found similar to above. 
Demand: 142,+  0.53A  
 
122,+  142,+  0.53A  
Load required to fail back 
face of Node A: A22,+  122,+0.53  258.6	0.53  487.9	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.6.2.3 Strut-to-Node Interface 
Strut-to-node interface is the face of the node that connects the node to the strut, shown in 
Figure B-6. The length of the strut-to-node interface (ws) depends on the bearing length 
(lb), back face height (hk), and the strut angle (θs).  
 
C,K  ?: sin ! +	ℎ+ cos ! “r” is for reaction node 
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C,K  8.5" sin43.1° +	8.5" cos43.1°  12.0" 
The strut-to-node interface area can then be found by taking this length times the width of 
the bearing, which in this case is equal to the beam width. 
Strut to node 
interface area: 28,K  C  12	. 12.0	.   144.2	 
This area can then be used with the effective concrete strength to find the capacity of the 
strut-to-node interface of Node A.  
Effective concrete strength: 4  0.45′ (from above) 
Measured compressive strength: ′  5.63	   
 4  0.451.05.63	  	 	2.53	   
Capacity: 122,  428,K  2.53	 144.2	  365.6	@  
The load required to fail the strut-to-node interface of Node D can then be found similar to 
above. 
Demand: 142,  0.73A  
 
122,  142,  0.73A  
Load required to fail strut-
to-node interface of Node A: A22,  122,0.73  365.6	0.73  500.8	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.6.3 Tension Steel 
Eight 1.25-inch diameter threaded rods were provided to resist tension forces in Tie AB. 
The total area of steel provided and yield strength of the steel were: 
 5  80.969	  7.75	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  100	   
This gives a total tie capacity of: 
Capacity: 125  5  7.752	100	   775.2	@   
The load required to fail Tie AB can then be found similar to above. 
Demand: 145  0.53A  
 125  145  0.53A  
Load required to fail strut-
to-node interface of Node D: A25  1250.53  775.2	0.53  1,463	@   
This load will be compared with the loads required to fail the other faces of the other 
elements to determine which controls the capacity. 
B.6.4 Summary of Results 
The applied loads to cause failure in each different component of the strut-and-tie model 
are summarized in Table B.3. 
Table B.5:  Summary of loads required to cause failure in different componenet of strut-and-tie 
model 
 
Element Force to Cause Failure 
Load Node – Bearing Face 517 kips 
Load Node – Back Face 774 kips 
Load Node – Strut-to-Node Interface 651 kips 
Support Node – Bearing Face 517 kips 
Support Node – Back Face 488 kips 
Support Node – Strut-to-Node Interface 501 kips 
Tie AB 1,463 kips 
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The minimum of these forces controls the design. The back face of the support node (Nodes 
A and B) has the minimum force (488 kips), which is the estimated capacity for specimen 
Re-45-Ex. The estimated capacity for the rest of the specimens in the experimental program 
are summarized in Table 4.3. 
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Appendix C: Campbell Scientific Basics 
C.1 Overview 
As mentioned in Chapter 3, a new data acquisition system was assembled as part of this 
research. The data acquisition system was used to collect data from all different types of 
sensors (e.g. load cells, linear potentiometers, strain gages, vibrating wire gages, etc.). The 
data acquisition system works by collecting readings of voltage, current, resistance, or 
pulse output signals and then converting these into load, strain, length, etc.  
The data acquisition system assembled for this research consisted of equipment from 
Campbell Scientific (https://www.campbellsci.com/). This equipment was chosen because 
of its flexibility for use. The system developed can be used for short-term or long-term 
monitoring in a laboratory or field setting.  
This section includes a brief overview of the hardware and software that are part of the data 
acquisition system. The section also includes instructions for how to set up a basic system 
using the equipment. Much of this information was obtained during a week-long training 
session by Campbell Scientific. 
C.2 Description of Hardware 
The data acquisition hardware consisted of the following different components from 
Campbell Scientific: 
• CR6 Measurement and Control Datalogger:  This is a datalogger that is 
compatible with their Campbell Distributed Module (CDM) series measurement 
and control peripherals. This series allows for easy customization of the data 
acquisition system by connecting the needed peripherals using ethernet cables.  
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• CDM-VW305:  This is an interface that connects with up to eight VWGs and allows 
for dynamic reading of the VWG sensor. Previous interfaces only allowed for 
measurement rates of around 1 Hz. This interface allows for dynamic measurement 
rates of 20 to 333 Hz. 
• CDM-A116:  This is a multiplexer interface that allows for 16 differential inputs 
and four excitation channels.  
These components will be described in more detail in this section.  
C.2.1 CR6 – Measurement and Control Datalogger  
The CR6 datalogger is the principal part of a data-acquisition system. It is a precision 
instrument designed for demanding environments and low-power applications. CPU, 
analog and digital measurements, analog and digital outputs, and memory usage are 
controlled by the operating system, the on-board clock, and the CRBasic application 
program, which should be written by users. The application program is written in CRBasic, 
a programming language that includes measurement, data processing, and analysis routines 
and a standard. To make this program more user-friendly, BASIC instruction set, Short 
Cut, option can be used to write programs for many basic measurement and control 
applications. For more complicated programs, CRBasic Editor should be written. The CR6 
with detail of wiring panel is shown in Figure C-1. 
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Figure C-1: CR6 with detail of wiring panel 
 
The CR6 requires a power supply. Charger is provided with the equipment. Battery is also 
can be connected to the CR6. Both charger and battery can be connected to the CR6 at the 
same time. When connecting power, first switch off the power supply, then make the 
connection before switching the supply on. 
The CR6 is fully operable with power from 10 to 16 Vdc applied to the BAT terminals, or 
16 to 32 Vdc applied to the CHG terminals. Both sets of connectors are found on the green 
power plug in the upper right portion of the face of the wiring panel. Some functions, such 
as programming, the setting of settings, and analog measurement, are provided when 5 Vdc 
is supplied through the USB connection between the micro-B USB port and a PC. Below 
is the steps toward measuring and collecting data with the CR6: 
• Attaching a sensor to the datalogger 
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• Creating a program for the CR6 to measure the sensor 
• Making a simple measurement 
• Storing measurement data 
• Collecting data from the CR6 with a PC 
• Viewing real-time and historical data from the CR6 
C.2.1.1 Voltage and Current Excitation  
Several terminals and terminal configurations are provided on the CR6 to supply 
switched voltage to peripherals, sensors, or control devices. Some of them are described 
herein: 
• Voltage Excitation (switched-analog output): U terminals are provided for 
excitation output, supply precise voltage in the range of ±2500 mV.  
• Current Excitation (switched-analog output): U terminals are provided for 
excitation output, supply precise current in the range of ±2.0 mA.  
• Switched 12 Vdc: SW12 terminals, which is a primary battery and it controls to 
switch external devices. 
C.2.1.2 Grounding Terminals 
Proper grounding lends stability and protection to a data acquisition system. It is 
the easiest and least expensive insurance against data loss. The ground termials are signal 
ground, power ground, resistive ground, and earth ground. 
Other ports on the CR6 are different kind of communication ports for different use. For 
more information refer to www.campbellsci.com. 
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C.2.2 CDM-VW305 – Dynamic Vibrating Wire Gage Interface 
Vibrating-wire sensors are commonly used in geotechnical or structural monitoring 
applications to measure strain, load, tilt, inclination, temperature, pressure, extension, and 
crack movement.  Data are stored on a Campbell Scientific datalogger, which is normally 
used to control the system in field installation. CDM-VW 305 (eight channels) is designed 
to connect vibrating wire sensors. This instrument is shown in Figure C-2 (a). 
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Figure C-2: (a) CDM-VW 305 and (b) CDM-A116 
 
C.2.3 CDM-A116 – 16 Channel Multiplexer 
The CDM-A116 is a Campbell Distributed Modules (CDMs) for analog measurements. It 
has 16 analog input terminals to a datalogger measurement system, and 120 CDMs can be 
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connected to a single datalogger. This instrument is shown in Figure C-2 (a). 
C.3 Description of Software 
As mentioned, a CRBasic program must be written and loaded into the CR6 to read sensors 
measurements, and store data. Short Cut is an easy-to-use wizard option used to write 
simple CRBasic programs without the need to learn the CRBasic programming language. 
Short Cut is an easy-to-use wizard that steps you through the program building process. 
After the CRBasic program is written (by using Short Cut or CRBasic option), it is loaded 
onto the CR6. The instruments require sufficient time for measurements to be made, data 
to be stored, and data to be retrieved to a PC. 
C.4 Basic Setup 
Here is the basic setup to connect the CR6 to PC. 
C.4.1 Hardware Setup 
As mentioned before, connect the charger or battery wires to the CR6 and then plug them 
in. Then connect the USB port to PC with the cable which is provided in the CR6 package. 
C.4.2 Software Setup 
The software which is used specifically for Campbell Scientific equipment is LoggerNet. 
The program is provided with the equipment and should be install on the computer.  
C.5 Steps for Setting Up Simple System 
After installing the software, click on the Program >Short Cut icon. The icon resembles a 
clock face. When the Short Cut window is shown, click New Program. In the Datalogger 
Model drop-down list, select CR6. In the Scan Interval box, enter 1 and select Seconds 
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in the drop-down list box. Then Click Next in the bottom of the page. Note that the first 
time Short Cut is run, a prompt will appear asking for a choice of ac noise rejection. Select 
60 Hz for the United States and areas using 60 Hz ac voltage. Select 50 Hz for most of 
Europe and areas that operate at 50 Hz. Then, select Full Bridge for defining a load cell 
and input the information to the software. Add Half Bridge for a linear potentiometer and 
repeat the input step. This page is shown in Figure C-3. 
 
Figure C-3: Sensors and devices window in LoggerNet software 
 
Then, input the information of the sensors to the software.  
After adding all your sensors in the software, you can find how to wire the sensors in wiring 
diagram, in the right side of the window, as shown in Figure C-4. 
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Figure C-4: Wiring diagram in LoggerNet software 
 
Based on the wiring diagram recommended in the wiring diagram, connect the sensors to 
the CR6. Then click Outputs option to define storing the measurements. In this window, 
select all your sensors. Based on the number of measurements in one second, average, 
minimum, maximum, sample, or standard deviation can be selected for the data. Then, 
click Finish (See Figure C-5). The software asks where to save the program on the 
computer. Select the folder and save the program. 
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Figure C-5: Output window in LoggerNet software 
 
After saving the program, the software should show the window shown in Figure C-6. 
Click Yes and send the program to the CR6. 
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Figure C-6: Finish window in LoggerNet software 
 
Before connecting the CR6 to the program, in the firt path of LoggerNet software, Select 
Utilities > Device Config Utility. This option is the most versatile configuration tool. 
Define the CR6 to the software. Make sure in communication port select the port which 
includes CR6. DevConfig Help guides you through connection and use. The simplest 
connection is to, connect a USB cable from the computer USB port to the USB port on the 
CR6. This step is shown in Figure C-7. After defining the equipment, make sure to close 
this window to go back to connect item. 
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Figure C-7: Device Configuration Utility (DevConfig) 
 
After closing the previous page, click on the Main and Connect items. Click Connect tab 
in top right corner of the window to connect defined CR6 to the coftware. Then, click Send 
New tab to choose the program that is already made in the previous steps, and see the data 
from Table Monitor column. Note that for calibrating sensors in the software, click 
Datalogger > Calibration Wizard option, as shown in . Select all the sensors that should 
be calibrated and click calibrate in the next page. Then, click Finish and go back to the 
Connect screen to read the results. 
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Figure C-8: Connect screen in LoggerNet software 
 
Next chapter provides the CRBasic program, written by Nazanin Rezaei, to connect the 
sensors and read the data presented in Chapter 4 of this dissertation.  
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Appendix D: Campbell Scientific Program in Loggernet 
Below is the program written to be able to have the results from sensors. 
 
'Demonstrate how to use CardOut, DataEvent, and DataInterval to conserve data storage 
wisely 
'Program to measure Geokon 4000 strain gages dynamically 
'Originally program was created for 100Hz measurement, 10 Hz data (average) from one 
CDM-VW300 device (8 VW Strain) 
'100Hz measurement, 10 Hz data (average) from one CDM-A116 device (4 load, 2 
potentiometer, 2 string pots, 2 pressure transducer) 
'12/6/2016 We are modifying the program to run at 50 Hz 
'=========================================================== 
'Constants to for CPI Usage 
Const CPI_ADDR = 5 'VW305 CPI address #5 
Const CPI2_ADDR = 10 'CDM-A116 CPI addresss #10 
'This Variable is required for the CPISpeed Instruction 
Public CPI_Baud=250 
'Constants specific to the Geokon 4000 strain gages 
Const GageFactor = 4.062 'G = 4.062 - Gage factor taken from sensor manual 
Const NomBatchFactor = 0.97 'B=0.97 - Batch Factor taken from calibration sheet 
provided with sensors 
 
'Output will be in Strain, not Digits nor Frequency 
Public VW_Strain(8) : Units VW_Strain() = Microstrain 'Measured strain output in units 
of Microstrain 
Public Freq1(8): Units Freq1() = Hz 
Public Digits(8) 
Public DigitsBaseL(8) 
'Public Therm1(8) 
'Public ThermBaseL(8) 
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Public DCode(8) As Long 'Dynamic diagnostic code 
 
Public Static_Freq(8) : Units Static_Freq() = Hz 'Static (1Hz) strain reading in frequency 
Public StaticDigits(8) 'Calculated Static (1Hz) Digits output (for troubleshooting) 
Public StaticStrain(8) : Units StaticStrain() = Microstrain'Calculated Frequency (1Hz) 
from static digits (for troubleshooting) 
 
Public Temp(8) : Units Temp() = DegC ' Temperature in DegCPublic TempBL(8) : Units 
TempBL() = DegC ' Temperature Baseline in DegC 
 
Public FreqStdDev(8)  : Units FreqStdDev() = Frequency  'StdDev of dynamic strain 
readings in frequency 
 
Public ZeroMode 'Mode variable for baseline/offset zeroing calibration 
'Variables for A116 
Public FullBR(6) 
Alias FullBR(1) = LoadCell_1 
Alias FullBR(2) = LoadCell_2 
Alias FullBR(3) = LoadCell_3 
Alias FullBR(4) = LoadCell_4 
Alias FullBR(5) = PressureTransducer_1 
Alias FullBR(6) = PressureTransducer_2 
Public LC_1 
Public LC_2 
Public LC_3 
Public LC_4 
Public PT_1 
Public PT_2 
Public LC 
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Public FCLoaded 
Public Mult_2(6)={1,1,1,1,1,1} 
Public Offs_2(6)={0,0,0,0,0,0} 
Public CMult_2(6)={1,1,1,1,1,1} 
Public COffs_2(6)={0,0,0,0,0,0} 
Public CKnown_2(6) 
Public CReps_2 
Public ZMode_2 
Public MOMode_2 
Public CIndex_2 
Public CAvg_2 
Public LCount_2 
Public HalfBr(4) 
Public CKnown_3(4) 
Public Mult_3(4)={1,1,1,1} 
Public Offs_3(4)={0,0,0,0} 
Public CMult_3(4)={1,1,1,1} 
Public COff_3(4)={0,0,0,0} 
Public CReps_3 
Public ZMode_3 
Public MOMode_3 
Public CIndex_3 
Public CAvg_3 
Public LCount_3 
Public HBr_1 
Public HBr_2 
Public HBr_3 
Public HBr_4 
 
Units FullBR=mV/V_Excitation 
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Units HalfBr=V/V_Excitation 
Units LC_1=Kips 
Units LC_2=Kips 
Units LC_3=Kips 
Units LC_4=Kips 
Units LC=Kips 
Units PT_1=ksi 
Units PT_2=ksi 
Units HBr_1=in 
Units HBr_2=in 
Units HBr_3=in 
Units HBr_4=in 
 
Public CDM2PTempC(1)'CDM-A116 variables 
Alias CDM2PTempC(1)=CDM2PTempC1 
 
Units CDM2PTempC(1)=Deg C 
 
Public Cindex 
Public CAvg 
Public CReps 
'Added by Bill on 12/12/2016 
Public StaticDigitsBaseL(8) 
 
'Configure the CDM-VW300 device 
Dim Enable(8) As Long =      {     1,     1,     1,     1,     1,     1,     1,     1} 
Dim Max_AMP(8) =               { 0.002, 0.002, 0.002, 0.002, 0.002, 0.002, 0.002, 0.002} 
Dim F_Low(8) =                 {   400,   400,   400,   400,   400,   400,   400,   400} 
Dim F_High(8) =                {  1300,  1300,  1300,  1300,  1300,  1300, 1300, 1300} 
'Use Hz^2 (1) instead of Hz (0) so we can get to digits 
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Dim OutForm(8) As Long =      { 0,0,0,0,0,0,0,0} 
'Use a multiplier of 0.001 to divide by 1000 and get digits 
'Then scale further to get to Strain 
Dim VW_Mult(8) =                  {   1.0,   1.0,   1.0,   1.0,   1.0,   1.0,   1.0,   1.0} 
'Dim Mult(4) =                 
{0.001*GageFactor*NomBatchFactor,0.001*GageFactor*NomBatchFactor, 
0.001*GageFactor*NomBatchFactor, 0.001*GageFactor*NomBatchFactor}  'Digits 
(Hz^2/1000) times G times B results in strain 
Dim VW_Off(8) =                  {   0.0,   0.0,   0.0,   0.0,   0.0,   0.0,   0.0,   0.0} 
'Use Steinhart-Hart coefficients To get Thermistor output in DegC 
Dim SteinA(8) =               {1.4051E-3,1.4051E-3,1.4051E-3, 1.4051E-3,1.4051E-
3,1.4051E-3,1.4051E-3, 1.4051E-3} 
Dim SteinB(8) =               {2.369E-4,2.369E-4, 2.369E-4,  2.369E-4,2.369E-4,2.369E-4, 
2.369E-4,  2.369E-4} 
Dim SteinC(8) =               { 1.019E-7, 1.019E-7, 1.019E-7,  1.019E-7,1.019E-7, 1.019E-
7, 1.019E-7,  1.019E-7} 
Dim RFMB(8) As Long =          {    20,    20,    20,    20,    20,    20,    20,    20} 
Dim RFAB(8) As Long =         {    20,    20,    20,    20,    20,    20,    20,    20} 
Dim RFLL(8) =                 { 400.0, 400.0, 400.0, 400.0, 400.0, 400.0, 400.0, 400.0} 
Dim RFHL(8) =                 {4000.0,4000.0,4000.0,4000.0,4000.0,4000.0,4000.0,4000.0} 
Dim RFHY(8) =                  { 0.005, 0.005, 0.005, 0.005, 0.005, 0.005, 0.005, 0.005} 
Dim RFOF(8) As Long =          {   100,   100,   100,   100,   100,   100,   100,   100} 
 
CDM_VW300Config(1,CPI_ADDR,1,Enable(),Max_AMP(),F_Low(),F_High(), _ 
OutForm(),VW_Mult(),VW_Off(), SteinA(),SteinB(),SteinC(), _ 
RFMB(),RFAB(),RFLL(),RFHL(),RFHY(),RFOF()) 
 
DataTable (static,true,-1) 
  DataInterval (0,1,Sec,10) 
  'CardOut (0 ,-1) 
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  Sample (8,Static_Freq(),IEEE4,False) 
  Sample (8,StaticDigits(),IEEE4,False) 
  Sample (8,StaticStrain(),IEEE4,False) 
  Sample (8,Temp(),IEEE4,False) 
EndTable 
 
DataTable (dynamic,true,-1) 
  'CardOut (0 ,-1) 
  DataInterval (0,1,Sec,100) 
  Average (8,VW_Strain,FP2,False) 
  Average(6,FullBR(),IEEE4,False) 
  Average(4,HalfBr(),IEEE4,False) 
  Average(1,LC_1,IEEE4, False) 
  Average(1,LC_2,IEEE4, False) 
  Average(1,LC_3,IEEE4, False) 
  Average(1,LC_4,IEEE4, False) 
  Average(1,LC,IEEE4, False) 
  Average(1,PT_1,IEEE4, False) 
  Average(1,PT_2,IEEE4, False) 
  Average(1,HBr_1,IEEE4, False) 
  Average(1,HBr_2,IEEE4, False) 
  Average(1,HBr_3,IEEE4, False) 
  Average(1,HBr_4,IEEE4, False) 
EndTable 
 
DataTable(CalHist,NewFieldCal,-1) 
  'CardOut (0 ,-1) 
  SampleFieldCal 
EndTable 
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BeginProg 
  'Initialize calibration variables for 
  'Generic Full Bridge measurement 'FullBR()' on CDM-A116 with CPI address 10 
  Cindex=1 : CAvg=1 : CReps=6 
  For LCount_2 = 1 To 6 
    CMult_2(LCount_2)=Mult_2(LCount_2) : COffs_2(LCount_2)=Offs_2(LCount_2) 
  Next 
  'Initialize calibration variables for 
  'Generic Half Bridge measurement 'HalfBr()' on CDM-A116 with CPI address 10 
  CIndex_2=1 : CAvg_2=1 : CReps_2=3 
  For LCount_3 = 1 To 3 
    CMult_3(LCount_3)=Mult_3(LCount_3) : COff_3(LCount_3)=Offs_3(LCount_3) 
  Next 
  'Load the most recent calibration values from the CalHist table 
  FCLoaded=LoadFieldCal(True)'Initialize calibration variables for 
  
'===============================================================
============ 
  'Set CPI Baud rate 
  CPISpeed (CPI_Baud) 
  'Was initially 100 Hz/10msec scan rate 
  'Scan(10,msec,500,0) 
  Scan(20,msec,500,0) 
    CDM_VW300Dynamic(CPI_ADDR,Freq1(),DCode()) 'Get unshifted strain 
    'Use Mult/Offset to get to strain from Frequency for DVW 
    'Strain_DVW(1) = DVWMult(1)*Freq1(1) + DVWOffset(1) 
    'Strain_DVW(2) = DVWMult(2)*Freq1(2) + DVWOffset(2) 
    'Try to do this in the way suggested by ShortCut for static/AVW200, Geokon 4100 
    'Calculate digits 'Digits' 
    Digits(1)=Freq1(1)^2/1000 
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    Digits(2)=Freq1(2)^2/1000 
    Digits(3)=Freq1(3)^2/1000 
    Digits(4)=Freq1(4)^2/1000 
    Digits(5)=Freq1(5)^2/1000 
    Digits(6)=Freq1(6)^2/1000 
    Digits(7)=Freq1(7)^2/1000 
    Digits(8)=Freq1(8)^2/1000 
    'Calculate strain 'Strain' 
    VW_Strain(1)=(Digits(1)-DigitsBaseL(1))*0.391*NomBatchFactor 
    VW_Strain(2)=(Digits(2)-DigitsBaseL(2))*0.391*NomBatchFactor 
    VW_Strain(3)=(Digits(3)-DigitsBaseL(3))*0.391*NomBatchFactor 
    VW_Strain(4)=(Digits(4)-DigitsBaseL(4))*0.391*NomBatchFactor 
    VW_Strain(5)=(Digits(5)-DigitsBaseL(5))*0.391*NomBatchFactor 
    VW_Strain(6)=(Digits(6)-DigitsBaseL(6))*0.391*NomBatchFactor 
    VW_Strain(7)=(Digits(7)-DigitsBaseL(7))*0.391*NomBatchFactor 
    VW_Strain(8)=(Digits(8)-DigitsBaseL(8))*0.391*NomBatchFactor 
    'Zeroing calibration for 
    'Geokon 4100 Series Vibrating Wire Strain Gage calculations 'Digits' and 'TT' 
    FieldCal(4,Digits(),8,0,DigitsBaseL(),ZeroMode,0,1,40) 
    'FieldCal(4,Therm1(),8,0,ThermBaseL(),ZeroMode,0,1,40) 
    'Now shift the given Strain using the Baseline/Offset value 
    'VW_Strain(1) = VW_Strain(1) + VW_StrainBL(1) : VW_Strain(2) = VW_Strain(2) + 
VW_StrainBL(2): 
    'VW_Strain(3) = VW_Strain(3) + VW_StrainBL(3) : VW_Strain(4) = VW_Strain(4) + 
VW_StrainBL(4): 
    'Zeroing calibration for Geokon 4000 Vibrating Wire Strain Gage 
    'Strain offset and Temperature baseline readings 
    ' FieldCal(0,VW_Strain(),4,0,VW_StrainBL(),ZeroMode,0,1,100) 'Calibrate for 2 
seconds 
    ' FieldCal(4,Temp(),4,0,TempBL(),ZeroMode,0,1,100) 
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    CDM_PanelTemp(CDM_A116,CPI2_ADDR,CDM2PTempC(),1,1,15000) 'CDM 
Address 10 
    
CDM_BrFull(CDM_A116,10,FullBR(),6,mV5000,1,1,2,5000,False,False,100,30000,CM
ult_2(),COffs_2()) 
    'Zeroing calibration for Generic Full Bridge measurement 'FullBR()' on CDM-A116 
with CPI address 10 
    FieldCal(0,FullBR(),CReps_2,0,COffs_2(),ZMode_2,0,CIndex_2,CAvg_2) 
    'Two Point Multiplier and Offset calibration for 
    'Generic Full Bridge measurement 'FullBR()' on CDM-A116 with CPI address 10 
    
'FieldCal(2,FullBR(),1,CMult_2(),COffs_2(),MOMode_2,CKnown_2(),CIndex_2,CAvg
_2) 
    'Generic Half Bridge measurements 'HalfBr()' on CDM-A116 with CPI address 10 
    
CDM_BrHalf(CDM_A116,10,HalfBr(),4,mV5000,13,X4,4,5000,False,100,30000,CMult
_3(),COff_3()) 
    'Zeroing calibration for Generic Generic Half Bridge measurement 'HalfBr()' on CDM-
A116 with CPI address 10 
    FieldCal(0,HalfBr(),CReps_3,0,COff_3(),ZMode_3,0,CIndex_3,CAvg_3) 
    'Two Point Multiplier and Offset calibration for 
    'Generic Half Bridge measurement 'HalfBr()' on CDM-A116 with CPI address 10 
    
'FieldCal(2,HalfBr(),1,CMult_3(),COffs_2(),MOMode_3,CKnown_3(),CIndex_3,CAvg_
3) 
    LC_1=((LoadCell_1*112238)-2020.9)/1000 
    LC_2=((LoadCell_2*110618)-708.33)/1000 
    LC_3=((LoadCell_3*107614)-1856.3)/1000 
    LC_4=((LoadCell_4*110749)-998.09)/1000 
    LC=LC_1+LC_2+LC_3+LC_4 
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    PT_1=(PressureTransducer_1-72.21046)*0.1191195 
    PT_2=(PressureTransducer_2-78.25637)*0.206855 
    HBr_1=HalfBr(1)*2 
    HBr_2=(HalfBr(2)-0.0097)*12.82325 
    HBr_3=(HalfBr(3)-0.004796411)*12.6096635 
    HBr_4=(HalfBr(4)-0.00769081)*12.6702487 
 
    'Call Data Tables and Store Data 
    CallTable dynamic 
    CallTable CalHist 
 
    If TimeIntoInterval (0,1,Sec) Then 
      CDM_VW300Static(CPI_ADDR,Static_Freq(),Temp(),FreqStdDev())    'Obtain 
static frequency 
      'Zeroing calibration for 
      'Geokon 4100 Series Vibrating Wire Strain Gage calculations 'Digits' and 'TT' 
      FieldCal(4,StaticDigits(),8,0,StaticDigitsBaseL(),ZeroMode,0,1,40) 
      'Calculate static digits reading (for troubleshooting) 
      StaticDigits(1) = Static_Freq(1)^2/1000 
      StaticDigits(2) = Static_Freq(2)^2/1000 
      StaticDigits(3) = Static_Freq(3)^2/1000 
      StaticDigits(4) = Static_Freq(4)^2/1000 
      StaticDigits(5) = Static_Freq(5)^2/1000 
      StaticDigits(6) = Static_Freq(6)^2/1000 
      StaticDigits(7) = Static_Freq(7)^2/1000 
      StaticDigits(8) = Static_Freq(8)^2/1000 
      'Now shift the given StaticStrain using the Offset/Baseline reading to obtain 
Final/adjusted StaticStrain 
      StaticStrain(1) = (StaticDigits(1)- StaticDigitsBaseL(1))*0.391*NomBatchFactor : 
StaticStrain(2) = (StaticDigits(2)- StaticDigitsBaseL(2))*0.391*NomBatchFactor  
      StaticStrain(3) = (StaticDigits(3)- StaticDigitsBaseL(3))*0.391*NomBatchFactor : 
StaticStrain(4) = (StaticDigits(4)- StaticDigitsBaseL(4))*0.391*NomBatchFactor  
      StaticStrain(5) = (StaticDigits(5)- StaticDigitsBaseL(5))*0.391*NomBatchFactor : 
StaticStrain(6) = (StaticDigits(6)- StaticDigitsBaseL(6))*0.391*NomBatchFactor  
      StaticStrain(7) = (StaticDigits(7)- StaticDigitsBaseL(7))*0.391*NomBatchFactor : 
StaticStrain(8) = (StaticDigits(8)- StaticDigitsBaseL(8))*0.391*NomBatchFactor  
      CallTable static 
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    EndIf 
 
  NextScan 
 
EndProg 
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